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Simulation and Visualization Enhanced Engineering Education – 

Development and Implementation of Virtual Experiments in a 

Laboratory Course 
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Abstract 
 

This paper presents results from a National Science Foundation grant titled “Simulation and 

Visualization Enhanced Engineering Education”, funded by the EEC division. Although the 

scope of the project is quite broad, embracing a wide range of courses in three engineering 

disciplines, the present work describes the results obtained from application of simulation and 

visualization for development and implementation of web-based virtual engineering laboratories. 

The present work leverages the advancement in hardware and software technologies to map 

physical experiments into web-based virtual experiments that can be used to enrich student’s 

laboratory experience. Four physical experiments in the thermo-fluids laboratory course have 

been mapped into virtual experiments, and the newly created virtual experiments have been used 

by students to conduct pre-lab practice sessions prior to performing corresponding physical 

experiment sessions. By performing virtual experiments, students learn in more detail about the 

objectives, procedure and expected outcomes ahead of scheduled physical experiments. Use of 

virtual experiments in the supplementation mode makes students better learners, and the 

assessment results show that students are better prepared and get more out of physical laboratory 

sessions. 

 To test the efficacy of the proposed pre-lab practice session pedagogy, assessment instruments 

and statistical experimental designs have been developed and implemented to objectively 

determine whether implemented virtual experiments, used in supplementation mode, enhance 

student learning compared to the pre-implementation setting (without virtual experiments) and to 

test if the learning gains are statistically significant or not. The pedagogy of supplementation of 

physical experiments with pre-lab practice sessions with virtual experiments shows promise, 

based on results obtained in this project. Impact of various demographic factors such as gender, 

age, ethnicity, student level etc. on student learning was also analyzed. 
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Introduction 

This paper presents results from a National Science Foundation grant titled “Simulation and 

Visualization Enhanced Engineering Education”. The overall goal of this project (NSF-0530365) 

is to enhance student learning process by implementing an undergraduate curricula 

transformation at Old Dominion University that integrates web-based simulation and 

visualization modules in several engineering science courses. Although the scope of the project 

is quite broad, encompassing a wide range of lecture and laboratory courses in three disciplines 

namely electrical, civil and mechanical engineering, the focus here is on efforts directed towards 

development, implementation and assessment of web-based virtual laboratory experiments that 

have been embedded in a junior-level thermo-fluids laboratory course in the mechanical 

engineering curriculum. Four physical experiments in the thermo-fluids laboratory course have 

been transformed into corresponding virtual experiments using modeling, simulation and 

visualization.  

Convergence of several interrelated factors such as recent developments in computer and Internet 

technologies and their impact on students’ learning styles, changing student demographics, and 

emergence of cyber laboratory infrastructure as a cost-effective alternative to physical 

laboratories has catapulted virtual laboratories as a topic of critical importance to the engineering 

education enterprise. The learning style of a large percentage of engineering students has been 

shown to be predominantly visual [1]. This visual learning proclivity of current students has been 

further accentuated due to their extensive exposure to electronic visual devices such as 

computers, videogames etc. This factor has been a catalyst in recent years in development of 

educational tools such as virtual labs that are predominantly simulation and visualization-based. 

The demographics of students enrolled in many urban engineering institutions is also changing 

rapidly, with many students pursuing degree programs on a part-time basis. These students are 

increasingly seeking opportunities to take courses as well as entire degree programs in the 

anytime-anywhere mode on distance learning networks. To cater to growing needs of these 

distance learners, engineering institutions have begun undertaking the challenging task of 

developing web-based engineering programs in which all or some part of laboratory instruction 

will have to be conducted on-line, preferably through virtual laboratories. Last but not least, the 
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fiscal reality of shrinking resources at many universities, both public and private, coupled with 

rising cost of physical laboratory infrastructure has prompted engineering educators to explore 

the possibility of incorporating virtual labs in engineering curricula even for on-campus 

engineering programs. For these conventional on-campus engineering programs virtual 

experiments can be combined with physical experiments for creation of hybrid or mix-reality 

laboratories that are both cost effective as well as inherently flexible. 

Review of Previous Work 

Modeling, simulation and visualization have been used by engineers to analyze physical 

phenomena and design complex engineering systems [2]. The same methodologies have been 

used in recent years by engineering educators to recreate on a computer screen a phenomenon 

related to a physical experiment in a laboratory. In more advanced versions of modeling, the 

entire physical experiment can be mapped into a web-based virtual experiment. The virtual 

experiments thus created can be used as building blocks for development of virtual laboratories 

that have significant potential for applications to engineering education. Virtual laboratories can 

be classified as recreative or interactive or immersive or collaborative. The hierarchy of virtual 

laboratory development is shown in Fig.1. At the bottom of the pyramid are recreative 

laboratories, a term coined to indicate that modeling, simulation and visualization have been 

used to recreate a physical phenomenon in the virtual domain. These laboratories or simulations 

are ideally suited for demonstration of many complex physical phenomena in a qualitative sense, 

and would generally lack interactivity – the ability of a user to manipulate the physical 

phenomenon through inputs. For example, simulation and visualization of a building collapse or 

the phenomenon associated with a snow avalanche would create a movie that would be helpful in 

familiarizing a viewer with the general phenomenon without involving viewer’s interaction with 

the simulation.  

Interactive virtual labs involve a single user who can interact with a virtual experiment on a 

computer screen, using a computer mouse or a keyboard. The user can set operating parameters 

and record data using virtual instruments. A number of investigators have developed interactive 

laboratories for a variety of engineering disciplines. For example a recent special IEEE journal 

issue is dedicated entirely to virtual laboratories in the areas of mechanical, electrical and 

biomedical engineering [3]. Bhargava et al [4] have developed a virtual torsion laboratory for 
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teaching concepts related to torsion in different materials. Other virtual laboratories have been 

developed for topical areas involving solid mechanics [5], fluid mechanics [6], civil engineering 

[7], and electrical engineering [8].  

Immersive virtual laboratories are an improvement over interactive virtual laboratories because 

they provide both interactivity as well as immersion that give users a sense of presence, similar 

to what one would encounter in physical laboratories. Examples of virtual reality labs can be 

found in many areas of education such as physics education [9-10], medical education [11] and 

engineering education [12-13]. Coupling of virtual reality with computer simulation has spawned 

a new field known as virtual engineering which is already being used in industry to design and 

analyze complex systems [2]. Virtual immersive labs that are also collaborative represent the 

apex point in the development of virtual laboratories. Collaboration among geographically 

distributed learners will be important for performing the experiment as a team. These virtual labs 

will be essential part of web-based engineering programs that are expected to come on-line in the 

near future.   

The literature review of virtual labs indicates that although considerable work has been done in 

recent years, virtual laboratories are still far from becoming part of many engineering programs. 

Incorporation of virtual labs in engineering curricula faces barriers that must be overcome. The 

factors impeding assimilation of virtual labs in engineering education are both perceptual as well 

as substantive in nature. Physical labs are used as one of the primary means of providing hands-

on experience to engineering students. In the mind-set of many present day engineering 

educators, hands-on experience is better gained in the physical domain as compared to hands-on 

experience obtained in the virtual domain through virtual laboratories. This is due to the widely 

held view that physical labs provide a window to real world while virtual labs are just an 

imitation of the real stuff – merely a computer-based simulation and visualization of the real 

world. To some extent this view is justified since virtual labs can at best be designed to mimic 

physical labs closely but they can never be a perfect representation of the physical labs. 

Fortunately, as we shall see later that at least in one application discussed in this work even less 

than perfect virtual labs created through modeling, simulation and visualization have important 

roles to play for enhancing student learning in laboratory courses. Also, future development of 

more advanced immersive virtual labs will incorporate a high level of realism currently lacking 
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in present day virtual labs. The substantive issue also relates to the need to demonstrate clearly 

and unequivocally that virtual labs have the capability of enhancing student learning and making 

laboratory experience engaging and productive.   

 

Fig.1 Hierarchy of virtual Lab Development 

The Goals and Objectives 

The primary goal of this work is to demonstrate that engineering students’ laboratory experience 

can be enriched through incorporation of virtual experiments in laboratory courses. The 

emphasis is on assessment of impact on student learning brought about by implementation of 

virtual experiments. As a test case, we have introduced several virtual experiments in the junior-

level thermo-fluids laboratory course (ME 305) in the mechanical engineering curriculum. The 

virtual experiments are used in the mixed mode wherein they are employed to prepare students 

through pre-lab practice sessions prior to the scheduled physical experiment sessions. The 

expectation is that by conducting the web-based pre-lab practice sessions students will become 

knowledgeable about objectives, procedure, data acquisition and expected outcomes of the 

physical experiment, and this would reinforce positively students’ handling of physical 

experiments. It is to be noted that for this specific application, since students will be exposed to 
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both physical and virtual experiments, creation of virtual experiments even in two-dimensions 

would be sufficient, and modeling does not have to be very elaborate. The specific objectives 

are: (a) development, and implementation of web-based virtual experiments in the chosen 

laboratory course and (b) assessment of virtual experiments from a perspective of student 

learning enhancement. 

Description of Virtual Experiments 

The methodology for converting a physical experiment into a virtual experiment has been 

described in Refs [14-15], and readers are referred to those articles for more details. In designing 

all four virtual experiments described in this study, following criteria were used. 

(i) The salient features of each physical experiment must be preserved in the physical to virtual 

domain mapping. 

(ii) The objectives, experimental procedure, data acquisition and expected outcomes of the 

experiment are replicated with reasonable care so that the virtual experiment can serve as a 

proxy for the physical experiment during the pre-lab practice session. 

(iii) The virtual experiments must be interactive, and allow for on-line data acquisition. 

(iv) The operation of virtual experiment, including manipulation of it’s key components, must 

be based either on empirical data - collected from the physical experiment, or it must be based 

on the virtual data obtained from the solution of conservation equations (energy, mass, 

momentum etc.). 

 

Figure 2 (included at the end of the paper) shows the screenshots of four virtual experiments 

(www.mem.odu.edu/me305) that have been successfully developed. Table 1 gives more details 

about implementation and assessment. All virtual experiments modules contain at least three 

sub-modules. They are: 

(a) Description of the experimental procedure – This section describes steps that must be taken 

sequentially to complete each experiment on-line. P
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(b) Virtual interactive sub-module – This is the core part of the virtual experiment. It allows a 

user to interact with the experiment by enabling him or her to input operating data and 

retrieve corresponding data output on-line. 

(c) Theoretical framework – This sub-module presents concepts, laws and equations governing 

the underlying physical phenomenon in the experiment. In some virtual experiments a web-

project, using the virtual experiment, is also included to reinforce students’ understanding of 

underlying principles and equations. 

Four virtual experiments have been developed thus far, and three of them have been 

implemented and assessed in the supplementation mode, in which virtual experiments are used 

for web-based virtual pre-lab practice sessions to prepare students for physical laboratory 

sessions. 

Assessment of Impact of Virtual Experiments on Student Learning 

For all virtual experiments that were implemented and assessed, students in the laboratory course 

were divided into “control” and “experimental” groups. The “control” group included students 

who did not use virtual experiments for pre-lab practice sessions. Students in this group prepared 

for the physical experiment session using the laboratory manual supplied to them by the course 

instructor. Students in the “experimental” group used the lab manual as well as virtual 

experiments for the preparatory phase. Both groups were given an identical quiz to test them for 

their level of preparation for the physical experiment. In addition to collecting quiz performance 

data, student demographic data was also collected. The ten demographic factors considered in 

this study were gender, ethnicity, age, student level, class load, SAT verbal score, SAT math 

score, cumulative GPA, student status as transfer or freshman, and HS GPA. Student learning 

outcomes can be impacted by the virtual experiment as well as the ten demographic factors 

identified for assessment. Since demographic profiles of “control” and “experimental” groups 

may be different, a demographic factor analysis would be needed to identify those demographic 

factors that may contribute, in addition to a virtual experiment, to student learning enhancement. 

Statistical Analysis of Assessed Data 

The main objective of statistical analysis is to determine if an implemented virtual experiment 

contributes favorably to learning outcomes (quiz score etc.) of the “experimental” group and if 
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learning enhancement as reflected by increased group’s quiz mean score is statistically 

significant. Since both group sizes were typically quite small (about 15 students) the test score 

distributions for both “control” and “experimental” groups may not be normally distributed. To 

test for the normality of quiz data, we have used the Shapiro-Wilk W statistics [16]. Results of 

the analysis indicated non-normal distributions for all virtual experiments implemented in the 

laboratory course. As a result, instead of using parametric methods that are appropriate for 

statistical analysis of a normally distributed sample, a median-based, pair-wise non-parametric 

Wilcoxon-Rank sum statistics [17] was used to account for non-normality of quiz score 

distribution. The hypothesis of central tendency and dispersion was used to compare paired 

median as well as variance for all outcomes at 95% confidence level (α =0.05). At 95% 

confidence level, if Wilcoxon Rank-sum p-value is less than 0.05 then a conclusion can be made 

that there is a significant difference between the mean scores on the quiz for “control” and 

“experimental” groups. In the same manner, at 95% confidence level, if Wilcoxon Rank-sum p-

value is less than 0.05, then a conclusion can be made that there is significant difference between 

mean scores of the course outcomes (the quiz mean score) from “control” and “experimental” 

group settings due to contribution by the particular demographic variable. The details of the 

statistical analysis are given in Ref. [18]. 

Discussion of Results 

The conclusions pertaining to module effectiveness in enhancing student learning for various 

virtual experiments are summarized in Table 2. As reported in the table, all three embedded 

virtual experiments were effective in enhancing student learning. This constitutes the most 

significant finding of the statistical analysis of assessed data. For all four outcomes for the three 

virtual experiments assessed, the statistical analysis showed that implemented virtual 

experiments contributed effectively towards student learning gain. The p-value given in Table 2 

is a measure of significance contributed by chance factor to the observed outcomes. In most 

social and educational research, a p-value greater than or equal to 0.05 is interpreted as 

“insignificant” and is considered to be indicative of results that are unaffected by the chance i.e., 

no difference to student learning was made by the implemented virtual experiment. Conversely 

p-value < 0.05 indicates that improvement in student learning, characterized by improved quiz 

scores, can be attributed to the module implementation. 
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Table 3 presents the summary of results from the statistical analysis of student demographics as 

contributing factor to student learning enhancement. All ten demographic factors are listed 

against the virtual experiments analyzed. It should be noted that the demographic analysis was 

performed for only two experiments (VE 1 and VE 2). For the third virtual experiment (VE 3), 

the analysis could not be done due to unavailability of demographic data. The symbol “NO” in 

Table 3 indicates that the demographic factor is not a significant factor. The symbol “NA” 

indicates that a demographic factor is not available. It is noted that of the ten demographic 

factors considered, eight factors namely gender, ethnicity, age, student level, class load, 

cumulative GPA, SAT verbal and SAT math scores did not contribute to the learning outcomes. 

Only “transfer” status and HS GPA contributed significantly to learning outcome. Demographic 

factors as shown in Table 3 were tested seventeen times for their impact on student learning, and 

fifteen times the results indicated that their impact on student learning was not significant in the 

statistical sense. In fact the analysis showed that only student status (transfer vs freshman) and 

HS GPA contributed to student learning enhancement.  

Conclusions 

The department level reform (DLR) grant awarded to Old Dominion University has created 

opportunities to revitalize engineering education through the use of technology tools such as 

simulation and visualization. Student learning enhancement is the foremost objective of this 

project. Assessment of student learning gains due to implementation of virtual experiments in the 

thermo-fluids laboratory course was accomplished, using credible experimental design and 

rigorous statistical analysis. Both these aspects of the assessment methodology addressed in this 

project are important if results are to be applicable to a larger population of engineering students 

from institutions across the country. Statistical analysis of assessed data reported in Tables 2 and 

3 shows that implemented modules were effective in enhancing student learning. Results also 

indicated that out of the ten demographic factors considered in the analysis, eight factors 

(“gender”, “ethnicity”, “student level”, “age”, “class load”, “cum-GPA”, “SAT verbal”, and 

“SAT math scores”) did not have any impact on student learning. In other words, the modules 

are neutral to these factors. At the other end of the spectrum, students’ “HS GPA” and student 

track turned out to be significant factors. Students’ responses to the implemented modules, as 

measured by student survey forms were quite positive. Students were generally of the opinion 
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that their engagement with the web-based modules has helped them enhance learning achieved 

through conventional classroom setting. 

 

Table 1 - List of Virtual Experiments 

 

Virtual Expt. No 

 

 

Title of the Virtual 

Experiment 

 

Implemented 

 

Assessed 

 

Type of Data used for 

Mapping 

 

VE 1 

 

 

Jet Impact Force 

 

YES 

 

YES 

 

Empirical Data 

 

VE 2 

 

 

Uncertainty Analysis 

 

YES 

 

YES 

 

Empirical Data 

 

VE 3 

 

 

Heat Exchanger 

 

YES 

 

YES 

 

Empirical Data 

 

VE 4 

 

 

Measurement of Drag 

 

 

NO 

 

NO 

 

Virtual Data from 

Conservation Laws 

 

 

Table 2 – Conclusions about Virtual Experiment Effectiveness 

 

Expt. 

No 

 

Title of Virtual 

Experiment 

P-values for Learning outcomes 

 Outcome-1            Outcome-2 

(QUIZ 1)               (QUIZ 2) 

 

Comments 

 

VE 1 

 

Jet Impact Force 

 

0.0278 

 

0.0165 

The virtual experiment is 

effective in enhancing 

student learning in both 

outcomes 

 

VE 2 

 

 

Uncertainty Analysis 

 

0.001 

 

- 

 

The virtual experiment is 

effective in enhancing 

student learning in both 

outcomes 
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Table 3 - Summary of Results from the Statistical Analysis of Demographic Factors 

 

Course 

 

 

Gender 

 

Ethnicity 

 

Student 

level 

 

Age 

 

Class 

Load 

 

Cum-

GPA 

 

Tracks 

 

SAT 

verbal 

 

SAT 

math 

 

HS GPA 

 

ME 305 

(VE 1) 

 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

NO 

 

ME 305 

(VE 2) 

 

 

NO 

 

NO 

 

NA 

 

NO 

 

NA 

 

NO 

 

YES 

 

NA 

 

NO 

 

YES 

 

 

 

NO: Factor Not Significant 

NA: Factor Not Available 

YES: Factor Significant 
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Fig. 2a – Jet Impact Force 

 

Fig. 2b – Heat Exchanger 
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Fig. 2c – Uncertainty Analysis using Friction Factor 

 

Fig. 2d – Measurement of Drag along a Cylinder 
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