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Biomechanics is an emerging field within mechanical engineering. The number of students who are interested in

biomechanics has been increasing in recent years. Therefore, integration of biomechanics concepts into mechanical

engineering curriculum is currently of high interest both for students and faculty. This paper outlines a virtual bone testing

laboratory thatwas developed and implemented in a biomechanics course as a part of the graduatemechanical engineering

curriculum. Five virtual experiments were designed utilizing advanced image processing and finite element modeling.

These experiments incorporated interactive visualization, manipulation, and virtual testing of actual bone images to

evaluate the mechanical response of bone. The virtual laboratory created a hands-on learning environment while bridging

the gap between theory and real life behavior and helped develop a deep understanding of the underlying fundamental

principles of complex mechanics concepts. The assessment of the effectiveness of the virtual experiments through surveys

demonstrated an improvement in students’ overall understanding of the course material. In summary, the virtual

laboratory complemented the theoretical components of the course and created a richer learning environment for the

students.
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1. Introduction

Biomechanics is an emerging field within mechan-

ical engineering. The number of students who are

interested in biomechanics has been increasing in

recent years. Therefore, integration of biomecha-

nics concepts into mechanical engineering curricu-
lum is currently of high interest both for students

and faculty. This paper outlines a virtual bone

testing laboratory that was developed and imple-

mented in a biomechanics course as a part of the

graduate mechanical engineering curriculum at Vil-

lanova University.

The current research on student learning has

shown that hands-on learning tools are very effec-
tive in improving students’ understanding of new

concepts [1–4]. This is especially true for complex

problems that are difficult to visualize. Students

very often struggle to make the transition from

abstract concepts to concrete understanding of a

subject. Laboratories provide a hands-on experi-

ence that reinforces the theoretical concepts intro-

duced in lectures. However, implementation of
physical laboratories can present challenges due to

high cost and space requirements. Particularly,

experiments thatmay require specialized equipment

or material cannot be easily incorporated in a

course. In order to remedy these constraints, virtual

laboratories have been proposed and utilized in

engineering courses in recent years [5].

The application of virtual learning components
has been implemented in different forms in engi-

neering courses including recorded experiments,

remote access to experimental set ups, and compu-

ter simulations of experiments as outlined and

reviewed in previous studies [6–18]. One of the

powerful computer simulation techniques that

simulate physical behavior is finite element model-

ing. Reinforcement of the concepts covered in
lectures with finite element simulations has shown

great potential in various engineering courses [12,

19–26]. Several studies have demonstrated that

virtual laboratories show similar benefits to physical

laboratories and enhance learning [5, 9, 10, 27, 28].

These tools have been mostly utilized in under-

graduate courses, however, the implementation of

virtual, hands-on components in graduate level
courses are also essential to improve the education

of graduate students.

In light of the success of hands-on virtual learning

components in other disciplines, a virtual labora-

torywas implemented in the graduate levelME7550

Biomechanics of Hard Tissues course offered in the

Department of Mechanical Engineering at Villa-

nova University. The course targets graduate stu-
dents aswell as high achieving senior undergraduate

students and focuses on the mechanical behavior of

bone. Typically, similar courses cover only theore-

tical aspects of bone mechanics and present bone

research literature without giving the students an

opportunity to have a hands-on experience. Bone, a

self-adapting, hierarchical andheterogeneousmate-

rial, exhibits complex material and mechanical
properties. The understanding of mechanical beha-
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vior of bone is expected to highly benefit from a

hands-on laboratory component that provides tools

to visualize bone structure and its mechanical

response. However, laboratory testing of bone

requires dedicated space, equipment, and is costly.

As a result, this educational project utilized an
innovative approach that incorporated new tech-

nologies including high resolution bone imaging,

advanced image processing, and finite elementmod-

eling to create a virtual laboratory environment.

This approach provides a virtual means to test

biological materials without the cost and concerns

associated with an actual laboratory.

This paper outlines the development and imple-
mentation of five biomechanics virtual laboratory

modules complementing the theoretical aspects

covered in the lectures. In the following sections,

the details of the implementation, the learning

objectives and the descriptions of the virtual experi-

ments are provided. In addition, the results of the

assessment surveys are reported to demonstrate the

effectiveness of the virtual laboratory component of
the course.

2. Implementation of the virtual
biomechanics laboratory

Virtual laboratory component of ME 7550 con-
sisted of five experiments, four of which were in-

class exercises and one of the experiments was

assigned as a project. The overarching goals of the

virtual laboratory modules were (i) improving stu-

dents’ understanding of bone structure and

mechanical response by creating a hands-on experi-

ence similar to a laboratory setting, (ii) bridging the

gap between theory and real life behavior, and (iii)
developing a deep knowledge of the underlying

fundamental principles of mechanical behavior of

bone which serves as a foundation for the under-

standing of complex mechanics concepts.

The virtual experiments focused on the assess-

ment ofmaterial properties and fracture behavior of

bone at different scales. Theywere implemented as a

completely hands-on experience in which students
visualize bone in three-dimensions, cut out virtual

bone specimens, test these specimens under different

loading conditions and evaluate their results in class

using imaging and finite elementmodeling software.

The virtual experiments were performed individu-

ally to improve each student’s proficiency in using

the software tools that were utilized in the virtual

laboratory while enhancing their understanding of
bone mechanics. In addition, to facilitate students’

learning, two extensive tutorials were prepared

providing step by step instructions for the in-class

virtual experiments. The tutorials helped students

go over any details of the virtual experiments that

they may have missed during the class.

The software used in the virtual laboratory

included an advanced image processing software

ScanIP (Student Edition, Simpleware, Exeter, UK)

and the finite element software, ABAQUS (Teach-
ing Edition, version 6.11, Simulia, Providence, RI).

Image processing software was used to visualize the

bone and cut out bone samples from computed

tomography scans of bone. Finite element analysis

software was used to simulate mechanical testing

conditions by applying loads to the extracted bone

sections.

2.1 Learning objectives of the virtual experiments

Themain goal of the virtual experiments was to give

students a hands-on experience that improves their

understanding of elastic and fracture behavior of

bone at different scales and compartments of bone.

The specific learning objectives of the virtual experi-

ments were (i) to develop an understanding of the
influence of microarchitecture and microstructure

on the apparent elastic properties of trabecular and

cortical bone, (ii) to evaluate the fracture processes

in bone and their change with age, and (iii) to

understand the crack formation and growth at the

whole bone level.

In addition to these primary learning objectives,

the virtual experiments also supported the improve-
ment of the understanding of continuummechanics

concepts in relation to the mechanical behavior of

bone. Furthermore, they provided familiarity

with experimental and computational modeling

approaches in assessing mechanical behavior of

bone. Students were exposed to advanced imaging

and finite element software and simulationmethods

that can be used in solving both biomechanics and
othermechanical engineering problems. The virtual

experiments replicated the data collection and data

analysis components of a physical laboratory

through interaction with the finite element simula-

tion software.

2.2 Description of virtual experiments

Virtual Experiment 1: Evaluation of the influence of

microarchitecture on elastic properties of trabecular

bone: The goal of this virtual experiment was to

understand the directional dependence of apparent

elastic properties of trabecular bone based on its

microarchitecture. The module started with three-

dimensional visualization of a femur image using

the visualization software, ScanIP, and identifica-

tion of trabecular bone sections in the femur (Fig.
1a). This was followed by extraction of a cubical

trabecular bone section from the femur trochanter

(Fig. 1b). A finite element mesh of the extracted

section was generated within ScanIP. The finite
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element mesh was imported into the finite element

software, ABAQUS (Fig. 1c). The virtual tensile

testing of the trabecular bone section in three

mutually perpendicular directions was performed

in order to assess directional dependence of its

apparent elastic properties. Isotropicmaterial prop-
erties were assigned to the model based on previous

studies reported in the literature [29]. For each

simulation the deformed shape of the specimen

was analyzed (Fig. 1d) and the results were pro-

cessed to obtain average stress/strain curves

(Fig. 1e). Once the stress-strain curve was obtained

the elastic moduli in three mutually perpendicular

surfaceswere calculated using the slope of the stress-

strain curve.

Virtual Experiment 2: Assessment of the influence

of bone microstructure on elastic properties of cor-

tical bone: The goal of this virtual experiment was to
understand the influence of porosity on thematerial

properties of cortical bone. Themodule startedwith

three-dimensional visualization of a femur image to

identify cortical bone sections in the bone. This was

followed by the extraction of three cubical cortical

sections from different regions of the femur to
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Fig. 1. (a) A screen shot from the imaging software, ScanIP, used in processing the bone images for virtual laboratory testing showing the
different compartments of bone. (b) Three-dimensional image of trabecular bone constructed by the imaging software, ScanIP extracted
from the femur head region. (c) Finite element meshes of trabecular bone imported into the finite element software, ABAQUS. (d)
Displacement contours of the trabecular bone after virtual testing. (e) Stress-strain response of the trabecular model in the z-direction. (f)
Three-dimensional image of a sample cortical bone specimen constructed by the imaging software, ScanIP extracted from the femur
diaphysis region. (g) Finite element meshes of cortical bone imported into the finite element software, ABAQUS. (h) Displacement
contours of the cortical bone after virtual testing. (i) Stress-strain response of the cortical bonemodel in the z-direction.Note that thewhite
arrows in (c) and (g) denote the loading direction. Note that the opposite surface of the loading was fixed in all directions.



obtain bone samples with varying porosity (Fig. 1f).

The porosity of each sectionwas evaluated using the

visualization software, ScanIP resulting in 3, 8 and

15% porosity. The finite element meshes of the

cortical bone sections were generated within

ScanIP and were imported into the finite element
software, ABAQUS (Fig. 1g). Each cortical bone

sample was virtually tested under tensile loading in

the longitudinal direction identified during the

sample extraction process. All samples were

assigned orthotropic material properties based on

the values reported in the literature [30]. For all

three cortical bone samples, the deformed shape of

the specimen was analyzed (Fig. 1h) and the load-
displacement curve was extracted. The stress-strain

curve and the elastic modulus for each model were

determined following the same procedure outlined

for Virtual Experiment 1 (Fig. 1i). Finally, the

variation of elastic modulus with porosity was

plotted.

Virtual Experiment 3: Fracture toughness testing

of cortical bone: The goal of this virtual experiment
was to visualize and understand the fracture pro-

cesses in cortical bone and to have a hands-on

experience on fracture toughness testing of bone.

In thismodule, the students generated a two-dimen-

sional finite element model of a common fracture

toughness testing specimen, compact tension (CT)

test specimen (Fig. 2a). The dimensions of the CT

specimen were based on tests performed on bone in
the literature [31]. The orientation of the CT speci-

men was such that the crack growth was parallel to

the longitudinal direction of the bone. The same set

of orthotropic material properties as in Virtual

Experiment 2 was utilized in the models. The

crack propagation was modeled using extended

finite element method (XFEM). This was done by

selecting the region around the initial crack as the
crack domain. Fracture properties were assigned to

this region based on the measured values in the

literature [32, 33] defining a linearly degrading

cohesive model [31] that represented crack growth

parallel to the osteons. The specimen was subjected

to displacement control loading. During the virtual

test the accumulation of damage and the progres-

sion of the crack was observed (Fig. 2b and Fig. 2c).

The crack growth amount and load data were

extracted from the simulations. Stress intensity
factor, which is a measure of fracture toughness,

was calculated using the equations reported for CT

specimen [34]. The variation of crack length with

load and the stress intensity factor with crack

extension were plotted.

Virtual Experiment 4: Assessment of femur frac-

ture load: The goal of this virtual experiment was to

evaluate the fracture load of whole femur. Follow-
ing the virtual experiments done on bone sections

extracted from the bone, this module focused on the

understanding of bone fracture at the macroscale.

The module started with processing the image to

obtain a three-dimensional view of the femur

(Fig. 3a) followed by converting the three-dimen-

sional image to a finite element model (Fig. 3b). The

load is applied at a direction that simulates stance
loading [35]. The fracture was simulated using

XFEM as outlined in Virtual Experiment 3 and

the crack domain was selected as the femur neck.

For this model, the material properties were

assigned as isotropic and the fracture properties

were selected based on values reported in the

literature [36, 37]. The virtual experiment was

performed to observe the damage and crack initia-
tion and propagation under the given loading (Fig.

3c). The load-displacement data was extracted from

the simulations to identify the fracture load of the

femur that was identified by a sharp drop in the load

(Fig. 3d).

Virtual Experiment 5: Assessment of age-related

changes in fracture behavior of bone: This experi-

ment was assigned as a project. The goal of the
experiment was to understand how changes in

material properties of bone affect its fracture beha-

vior. For this virtual experiment, single edge

notched bend specimen (SENB) configuration was
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Fig. 2. (a) Finite element model of a compact tension test specimen showing the loading. Note that the
specimenwas fixed in x direction at the load application point as well as x and y directions on themidpoint of
the right edge. (b) Initial stages of crack growth in the specimen. (c) Later stages of crack growth in the
specimen.



used. The same steps for model generation used in

Virtual Experiment 3 were followed. The age-

related changes in cortical bone were reflected in
the models by varying the fracture properties that

were input as a part of the XFEM definition. Three

simulations were run on the model with material

properties representing 50, 70, and 90 years based

on experimental data reported in the literature [36,

37]. This virtual experiment evaluated crack growth

perpendicular to the osteons. Therefore, the mate-

rial properties used in this virtual test differ from the
values used in Virtual Experiment 3 which simulate

crack growth parallel to the osteons. The crack

growth amount and load data were extracted from

the simulations and the stress intensity factor was

calculated using the equations for SENB specimen

[34]. The variation of crack length with load and the

stress intensity factor with crack extension were

plotted. The deliverables of the project included
the simulation results, detailed calculations, and

an evaluation of the results in light of the topics

covered in class during the semester.

2.3 Results and outcomes of the virtual experiments

The results of the first virtual experiment demon-

strated the directional dependence of the elastic

properties of trabecular bone. In addition, it

showed the difference between the apparent elastic

modulus and the material level elastic modulus of

trabecular bone which was input into the model.
These results helped students gain an understanding

of the relationship between microarchitecture and

material properties in trabecular bone.

The second virtual experiment showed the reduc-

tion in elastic modulus with porosity in cortical

bone. It provided direct observation of the influence

of porosity on the elastic modulus of cortical bone

and contributed to the students’ understanding of
the influence ofmicrostructure onmechanical prop-

erties of cortical bone.

The third and fifth virtual experiments demon-

strated the crack growth process in cortical bone

and showed how the stress intensity factor increased

as the crack propagated. In addition, the results

demonstrated the reduction in stress intensity factor

with age. By performing these experiments, the
students gained an understanding of the fracture

toughening processes in bone and the age-related

changes in these processes.

The fourth virtual experiment showed how the

crack initiated and propagated in femur leading to a

sharp drop in the load identifying the fracture point

of the bone. During this virtual experiment the

students were able to observe how fracture occurred
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Fig. 3. (a) Three-dimensional model of femur generated in ScanIP. (b) Finite element model of femur
that was imported into ABAQUS showing the applied load. Note that the bottom end of the femur
was fixed in all directions. (c) Crack growth in femural neck. (d) Load-displacement curve obtained
under the femur experiment showing the sharp drop in load identifying the fracture point.



in the femur neck which is one of the most frequent

fracture sites observed in real life.

In summary, each virtual experiment provided a

hands-on experience in understanding the mechan-

ical response either in a different compartment or at

a different length scale of bone. These results
supported the theoretical concepts and the review

of literature on mechanical behavior of bone cov-

ered in class and enhanced the students’ under-

standing of these concepts.

3. Assessment of the effectiveness of the
virtual biomechanics laboratory

The effectiveness of the virtual laboratory was

assessed through surveys administered before and

after the virtual laboratory component of the

course. Two surveys were administered during the

semester which were structured to measure the

influence of virtual laboratory on the students’

confidence in their overall understanding of the
course material and the value that the students

give to the virtual laboratory component of the

course. The number of students who completed

the surveys was 18.

The first survey was given before the virtual

laboratory component and the second survey was

given at the end of the semester. The surveys were

composed of five to six questions and the first three
questions were common in both surveys. Common

questions evaluated the students’ confidence in their

understanding of the new concepts in bone

mechanics. The remaining questions were aimed at

evaluating the students’ perception of the additional

contribution of virtual laboratory to their learning.

The studentswere given a scale ranging between 1 to

5 (1= I do not understand it, 5= I fully understand it
for questions 1 to 3, 1- I do not visualize/understand

it, 5=I fully visualize/understand it for question 4

and1= Idonot agree, 5= I agree for questions 5 and

6). The survey questions are outlined in Table 1.

The results of the surveys showed that the virtual

laboratory had a positive effect on students’ con-

fidence in their understanding of bone mechanics

concepts (Fig. 4). Questions 1 to 3 were the same in

both surveys and directly assessed the students’

general understanding of the material covered in
the class. Since Survey 1 and Survey 2 were given

before and after the virtual laboratory component

of the course the difference in the survey responses

were expected to reflect the contribution of the

virtual laboratory in students’ learning. For all

three questions, there was a 10% increase in the

total number of students who selected 4 and 5which

represents a good understanding of the material
covered in class (Fig. 4a–4c). In addition, although

there were not any students who selected 5 for

Question 2 and 3 in Survey 1, after the virtual

laboratory component was covered 17% of the

students shifted to the highest learning group

(Fig. 4a–4c). The students who were in the below

average learning level increased their learning to

average or high levels. These results show that the
virtual laboratory improved the learning experience

of all students by shifting the lowest groups to

higher levels and moderate understanding group

to the highest group.

The assessment of the visualization of the bone

behavior response (Question 4) before and after the

virtual laboratory showed similar trends to Ques-

tions 1 to 3 (Fig. 4d). Therewas a 20% increase in the
highest learning group after the virtual laboratory

indicating that hands-on experience in the course

improved the understanding and visualization of

bone behavior. In addition, below average group

increased their learning to moderate and high levels

leaving no students in the below average group.

Another component of the survey was to assess

the visual and analytical learner groups. Vast
majority of the students (73%) identified themselves

as visual learners (Fig. 4e). However, the data also

showed that most of the students see themselves
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Table 1. List of Survey 1 and Survey 2 questions. Note that first three questions are the same in both surveys and the remaining questions
are specific to each survey

Survey 1 Questions Survey 2 Questions

1. How do you rate your understanding of bone structure? 1. How do you rate your understanding of bone structure?

2. How do you rate your understanding of elastic behavior of
bone?

2. How do you rate your understanding of elastic behavior of
bone?

3. How do you rate your understanding of fracture behavior of
bone?

3. How do you rate your understanding of fracture behavior of
bone?

4. I can visualize the experiments (how bone deforms, how a
crack grows in bone) that relate to bone mechanics and
fracture based on the images provided in class.

4. Virtual laboratory exercises helped me visualize the
experiments (how bone deforms, how a crack grows in bone)
that relate to bone mechanics and fracture.

5. I am a visual learner who understands concepts through
hands-on exercises.

5. Combined lecture and finite element modeling approach
allowed me to understand bone mechanics better.

6. I am an analytical learner who understands concepts based on
theory and reading.



both as analytical and visual learners (61%). This
indicates that combining hands-on activities with

theoretical concepts may work the best to improve

students’ learning. This is also supported by the

response of students to Question 5 in Survey 2.

Almost all students (94%) agreed that the combined

approach allowed them to learn the course material

better (Fig. 4f). This outcome supports the devel-

opment of the virtual laboratory in ME 7550 to
improve students’ understanding of the theoretical

components of the course.

4. Discussion

The assessment outcomes showed that the virtual

laboratory component improved the students’ con-

fidence in their overall understanding of the course
material. In addition, it complemented the theore-

tical components of the course and created a richer

learning environment for the students. The positive

response of the students to the virtual laboratory

highlights the importance of implementation of

hands-on learning tools in engineering courses.

Another important outcome of the assessment was

the high percentage of students that were both
analytical and visual learners. This underlines the

importance of structuring the courses to serve this

combined learning approach. The students may get

themost benefit frompresentation of the theory of a

subject followed by hands-on activities as outlined

in this study.

The main limitation of the study is that the
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Fig. 4.Comparison of student responses between Survey 1 and Survey 2 for (a) Question 1, (b) Question 2, (c)
Question 3, (d) Question 4 (e) Comparison of student responses between Question 5 from Survey 1 and
Question 6 fromSurvey 2 (f) Student responses toQuestion 5 in Survey 2. Note that the studentswere given a
scale ranging between 1 and 5: For Questions 1–3: 1 = I do not understand it, 5 = I fully understand it; For
Question 4: 1 = I donot visualize/understand it, 5= I fully visualize/understand it; ForQuestions 5–6: 1 = I do
not agree, 5 = I agree.



assessment was only based on the students’ percep-

tion of the effectiveness of the virtual laboratories.

This course was developed with the virtual labora-

tory component from the first time it was taught.

Therefore, there was no data available to compare

the students’ performances with or without the
virtual laboratories. Another limitation of the

study is the relatively limited sample size of the

students that completed the surveys. The enrollment

to the course was not very high due to the elective

graduate level nature of the course.

5. Conclusions

This paper demonstrated an effective implementa-

tion of advanced engineering software in a bio-

mechanics graduate course to create a virtual
laboratory that provides a hands-on experience in

visualization and testing of bone. The current

project serves as a case study for implementing

virtual laboratory teaching approach to improve

learning and teaching processes in engineering.

Based on the positive outcomes of the project, this

approach can be applied to other mechanical engi-

neering courses that could benefit from a laboratory
component which requires extensive resources to

implement physically.
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