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Abstract

:

A shape memory alloy (SMA) is an alloy which can eliminate deformation at lower temperatures and restore its original shape upon heating. SMAs have been receiving considerable attention in the research field of materials science, and their applications include robotics, automotive, aerospace, and biomedical industries. Observing the SMA’s shaping and restoration processes is important for understanding its working principles and applications. However, the transformation of its crystal structure with temperature can only be seen using special equipment, such as a transmission electron microscope (TEM), which is an expensive apparatus and the operation requires professional skills. In this study, a teaching module is designed using virtual reality (VR) technology and research results of an SMA to show its shape memory properties, shaping and restoration processes, as well as the real-life applications in an immersive and interactive way. A teaching experiment has been conducted to analyze students’ learning effectiveness using the teaching module (the experimental group) compared with that of using real SMA materials as the teaching aids (the control group). Two classes of students in the Department of Materials Science (one as the experimental group and the other as the control group) were selected as the samples by convenience sampling from a university in North Taiwan. The experimental group contained 52 students and the control group contained 70 students. A nonequivalent pretest-posttest design was adopted to explore whether the two groups had a significant difference in learning effectiveness. The experimental results reveal that the teaching module can improve the learning effectiveness significantly (p = 0.001), and the questionnaire results also show that a majority of the students had positive attitudes about the teaching module. They believed that it could increase their learning motivation and help them understand the properties and applications of the SMA.
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1. Introduction


Shape-memory alloy (SMA), also known as memory metal or smart metal, is an alloy which can fully eliminate the deformation at a lower temperature and restore its original shape when heated. In addition to the shape memory property, SMAs are lightweight and resistant to most chemicals. Some SMAs have the features of super elasticity, damping capacity, and biological compatibility, so they are widely applied in aviation, robotics, and biomedical industries. The SMA products in real life include: self-adjusting dental braces, optical frames, vascular stents, and so on. SMAs can effectively save the cost of repeated shape adjustment and extend the lifetime of a product.



The shape memory property was first discovered by Chang and Read [1] in Au-Cd alloy at the University of Illinois in 1951. A similar property had also been found by Buehler, Gilfrich, and Wiley [2] in Ni-Ti alloy at the U.S. Naval Ordnance Laboratory in 1963. Since then, SMAs began to receive the attention of researchers in materials science and related industries. The applications of SMAs grew extensively by the successive finding of the shape memory properties in other alloys, such as Cu-Al-Ni, Fe-Mn-Si, and Cu-Zn-Al [3,4,5]. More recent applications of SMAs include space antennas, military aircrafts, civil engineering, and medical treatment [6,7,8,9].



The transition temperature for the transformation of an SMA’s material structure can vary with its crystal size, applied stress, thermal cycling times, and other factors [10], among which the proportion of the alloy ingredients has the major influence. Therefore, the applications of the SMA can be determined by controlling the proportion of its ingredients. In addition, the smelting during the manufacture of an SMA can be affected by its constituent elements. Some alloys can be directly smelted in the air, but others may react with oxygen to affect their properties. Taking the Ni-Ti alloy as an example, it must be hot rolled at 800–900 °C by high-frequency vacuum induction melting, then forged at 700–850 °C and finally crushed into the sheet or thread shape by processing in a cold room. This process can cause hardening, which is not favorable for many applications. Thus, an annealing process is often required to eliminate the hardening effect.



A simplified SMA manufacturing process proposed by Markopoulos, Pressas, and Manolakos [11] is shown in Figure 1. To create the shape memory property, the SMA is fixed to the designated shape after the annealing process, then heated to about 400–500 °C while maintaining the shape and finally cooled down. If there is any deformation caused by external force at room temperature, the SMA will return to the memorized shape by simply heating it to the transition temperature.



SMAs are an important research field in materials science and engineering. Observing the shaping and restoration processes of an SMA is essential for understanding its basic properties and applications. Supported by the Ministry of Science and Technology (MOST), Taiwan, the objective of this study is to develop a teaching module for the students in the Department of Materials Science and Engineering of a university in North Taiwan to understand the material properties of SMA, conduct the SMA shaping experiment, and become familiar with its real-life applications. The teaching module can also be applied to support the materials science curriculum of other universities in Taiwan. However, it is time-consuming and costly to conduct real shaping experiments using SMA materials, and the waste materials must be disposed of properly to avoid environmental pollution. Additionally, the transformation of crystal structures must be observed using special equipment, such as the transmission electron microscope (TEM) [12] (Figure 2), which is an expensive apparatus and only a few researchers can use it to conduct experiments. Even if the school laboratory can afford to buy one, it is not easy for students to operate it correctly due to unfamiliarity with the operational procedures and the lack of theoretical or practical foundation. All these factors cause difficulty in understanding the SMA’s crystal structures and material properties.



Virtual reality (VR) is a computer-generated virtual environment to simulate the realistic or imagined world, where the 3D visual effect and interaction can be achieved by wearing a head-mounted display and button-operated handsets. It can also be called immersive multimedia because one can see and hear just like in the real situation and interact with others in the virtual world as if seeing each other face to face [13]. A virtual environment can satisfy the major requirements in the real experiments and training processes at a lower cost but without danger. VR is highly realistic and interactive, so it is suitable for applications in science and engineering education [14,15,16] to enhance the learning interest and motivation of students.



VR has been applied in science education to help students understand microscopic phenomena not easy to observe with the naked eye [17,18,19]. In addition, VR can simulate the real-world situations by 3D animation, so it is suitable for presenting abstract concepts and experimental processes to enhance immersion and cognition and increase students’ engagement in learning activities [20,21,22]. Tarng, Hsie, Lin, and Lee [23] developed a virtual laboratory for synthesizing and analyzing nanogold particles using the virtual reality technology. A teaching experiment was conducted and the results showed that it can enhance students’ learning effectiveness and motivation. de Jong, Linn, and Zacharia [24] reviewed a selection of the literature to compare the value of physical and virtual investigations and they offered recommendations for combining both approaches to strengthen science learning. Wang and Tseng [25] compared the effectiveness of physical, virtual, and virtual-physical manipulatives on third-grade students’ science achievement and conceptual understanding of evaporation and condensation. Their results revealed that using virtual preceding physical manipulatives and virtual manipulatives alone can enhance students’ knowledge about evaporation and condensation better than using physical laboratory activities alone. Some studies highlight that the technology itself does not improve learning outcomes, but rather reflective thinking or learners’ attitudes enable improvement to learning objectives [26,27].



In this study, a teaching module is designed using the VR technology and the research results of SMAs for learning their properties, shaping, and restoration processes, as well as real-life applications (e.g., heat-driven motors and vascular stents) in an interactive and immersive way. The teaching module can be installed on mobile or head-mounted devices, enabling students to perform the virtual experiment of the SMA shaping and restoration. It can enhance the understanding of basic concepts through interactive operation and observation of structural changes with temperatures.



A teaching experiment has been conducted to analyze students’ learning effectiveness and attitudes after using the teaching module. The results can also be used for improving the system in the future. The rest of this paper is organized as follows: Section 2 introduces the SMA properties and applications. Section 3 describes the development and operation of the teaching module. Section 4 reports the analytical results of the teaching experiment. Section 5 provides the conclusions.




2. SMA Properties and Applications


Pure metals contain the same kind of atoms which are closely stacked, while alloys are composed of different metal atoms and they may be metal elements in a solid solution with a single phase or a mixture of two or more metallic solutions with multiple phases. Most shape memory alloys have two distinct phases, i.e., martensite and austenite. The former exists at lower temperatures, and the latter exists at higher temperatures [28]. When pure metals are deformed exceeding the elastic range by an external force, they cannot recover the original shapes by heating. In contrast, when the SMA is in the martensite phase and plastically deformed within the limited extent, it can be transformed into the austenite phase by heating to the transition temperature, where the SMA will restore its original shape (Figure 3). If the temperature goes below the normal temperature again, the SMA will still remain the same shape. The shape memory property can be applied to develop a variety of intelligent products. Therefore, SMAs belong to the area of intelligent materials.



Ni-Ti alloy is the most important and widely used SMA because of its excellent performance in shape recovery, durability, and corrosion resistance. Other attractive properties include high mechanical strength, super elasticity, biological compatibility, and stable transition temperature, providing it with a high potential for engineering and medical applications. As a result, the Ni-Ti alloy is suitable for such industries as aviation, robotics and medical treatment. However, the Ni element, a toxic metal, may affect human health and increase the risk of cancer, so it is only used in temporary appliances, such as dental braces and vascular stents.



The Ni-Ti alloy is composed of about 50% Ni and 50% Ti, and the proportion can be adjusted according to the requirements of different applications, such as the range of transition temperatures and mechanical properties. In general, the transition temperature is lower if the content of Ni is higher [29]. For example, the transition temperature of the alloy with 50% Ni and 50% Ti is 40 °C, and the alloy with 55% Ni and 45% Ti has shape memory capability at room temperature. If the content of Ni is lower than Ti, the alloy’s transition temperature can reach 120 °C. Basically, the SMA shape memory effects can be divided into the following three types [30] (Figure 4):

	
One-way shape memory effect








When the SMA is in the martensite phase, it can be deformed and will remain this shape until its temperature is raised above the transition temperature. Upon heating, the SMA transforms into the austenite phase and restores its original shape. The SMA will remain in this shape after cooling until deformed again.



	
Two-way shape memory effect






When the SMA is deformed with/without an external force and heated past the transition temperature, the SMA will enter the austenite phase and return to the original shape. When the temperature goes below the transition temperature, the SMA will automatically return to the memorized shape in the martensite phase. This is called the intrinsic two-way effect.



	
All-round shape memory effect






When there is more Ni in the Ni-Ti alloy, the SMA will have an abnormal memory effect similar to the two-way shape memory effect, but its deformation is more obvious and intense. Therefore, the SMA will automatically shrink when its temperature goes below the transition temperature. When the temperature is lower, it will change to the reverse direction of the deformation. The SMA will restore the memorized shape if the temperature goes above the transition temperature of the austenite phase again.



In the automotive industry, SMAs can be applied in actuators, such as pneumatic, hydraulic, and motor-based systems, because of its solid-state and lightweight properties [31]. In addition, its heat conduction and shape memory properties can be used to drive a heat engine to save electric power. For medical applications, the transition temperature can be set to the body temperature if the SMA is used for the production of medical devices [32]. For example, it can be used to design fixation devices in orthopedic surgery or dental braces in orthodontics treatment to exert constant forces on teeth [33]. There are some other real-life applications of the SMA, which include:

	
Vascular filter








When implanted into the vein vascular, it will gradually return to the net shape to prevent the sludged blood from flowing to the heart and the lung. It is effective for capturing and breaking apart particles in the blood.



	
Vascular stent






The vascular stent is stretched to become a thin piece for inserting into the blood vessel. After the implant surgery, the blood will flow through the vascular stent and increase the temperature to restore the original shape. It is used for treating the vascular sclerosis and angiemphraxis.



	
Bone lamella






The bone lamella is used in osteosynthesis to fix two pieces of broken bones, where the pressure generated by the shape memory effect can force the broken bones to heal faster.



	
Fire alarm






At room temperature, the SMA connector is bent and has no contact with the power. When a fire occurs and the temperature rises, the SMA connector will stretch automatically and touch the power to send out the alarm signal.



	
SMA-spring motor






The length of SMA spring can change with the repeated heating and cooling process caused by the electric power to drive the motor and generate kinetic energy.




3. System Design and Operation


The learning contents of the teaching module are developed based on the research results of materials science and the SMA products on the market. The VR technology is used to design a virtual experiment for students to experience the shaping process and observe the change of SMA crystal structures with temperatures through interactive operation. The teaching module is an application program designed using Unity3D as the system development tool (Figure 5). Unity3D is a cross-platform game engine developed by Unity Technologies (San Francisco, CA, USA). The engine can be used to create both 3D/2D games and simulations for many platforms. The 3D objects and virtual scenes of the shaping experiment and the SMA applications are created by 3DS Max, and then exported to Unity3D to set up the interactive user interface with the programming languages of JavaScript and C#. 3DS Max (2018, Autodesk, Inc., San Rafael, CA, USA) is a professional 3D computer graphics tool for 3D animation, modeling, games and images. It has a flexible plugin architecture and can be used on the Microsoft Windows platform. Different behaviors for the same object can be set up during the script design to meet the requirements for different situations, e.g., the change of SMA shapes with temperatures. When the project is completed, it is converted into the installation file for execution on mobile or head-mounted devices for students to conduct the virtual experiment.



The development of the teaching module includes three main parts (Figure 6). The first part is the creation of 3D models for the objects in the virtual experiment; the second part is setting up the properties of the objects; the third part is designing the interactive interface for students to conduct the virtual experiment. To enable easy cognition of the SMA principles and applications, the teaching module contains three interactive mechanisms: (1) touchscreen (or handset) control, (2) camera control, and (3) interactive user interface to support different learning activities: (4) SMA learning contents, (5) SMA shaping and manufacture, (6) real-life applications, and (7) online test. The application programming interface (API) in Unity3D as well as the C# programming language were used to develop the user interface for conducting the SMA shaping experiment and observing the change of its crystal structure during the phase transformation. When the user starts the application program, the initial screen will show up first. The user can enter the system by clicking the start button to conduct the learning activities as listed above.



3.1. Learning Objectives


The teaching module developed in this study is focused on learning the SMA material properties, principles, shaping process and real-life applications. It is designed as an application program using the VR technology for execution on mobile or head-mounted devices (Figure 7). The major purpose is to enhance the learning effectiveness and motivation and help students understand the basic concepts of SMAs through interactive operation and observation. The learning objectives of the teaching module include: (1) understanding the material properties of SMAs, (2) conducting the SMA shaping experiment, and (3) becoming familiar with the real-life applications of SMAs.




3.2. Designing 3D Models


The 3D objects and virtual scenes of the virtual experiment are developed using 3DS Max (Figure 8). The textures are drawn with the image processing software PhotoImpact (2008, Ulead Systems, Inc., Taipei, Taiwan) and pasted onto the 3D models by adjusting the luminance according to the environmental lights to make them look like real objects. After that, the 3D models (in FBX format) are exported to Unity3D, where the API and C# programming language are used to design the user interface according to the script describing the operating procedure of the shaping experiment and the SMA applications.




3.3. System Architecture


The teaching module is developed for execution on mobile and head-mounted devices, and its operating flowchart can be seen in Figure 9. After starting the system, the user can be guided by audio direction to go through each step for learning the material properties and applications of SMA. The learning objectives can be shown by clicking the leftmost button above the screen, followed by the introduction to SMA, including the learning contents of manufacture, material properties and shape memory effects. The user can conduct the virtual experiment of SMA shaping by designing a ship in a bottle using the SMA wire, and then learn about the real-life applications of the SMA, including the vascular stents and the heat-driven motor. After completing all learning activities, an online test with 10 questions has to be taken to evaluate the user’s learning achievement.




3.4. Initial Screen


After starting the program, the teaching module will first display the main screen, where the user can enter the system to perform the learning activities by clicking the button (Figure 10).




3.5. Introduction to SMA


The user can learn the SMA properties and shape memory effects by entering the learning unit ‘Introduction to SMA’, which includes the definition of SMA and its properties, shape memory effects, crystal structures, and manufacture of the Ni-Ti SMA (Figure 11).




3.6. SMA Shaping Experiment


The user can understand the SMA’s shape memory properties by following the experimental procedure to observe the change of it crystal structure with temperatures (Figure 12). The purpose of this experiment is to design a ship in a bottle with the SMA wire.



The user has to fold a piece of SMA wire into the shape of a ship and put it in the oven at 500 °C for five hours. After that, the ship is taken out of the oven and cooled down to room temperature. To check if the SMA wire has memorized the shape of a ship, the user hits the ship with a hammer and deforms it into a thinner piece of SMA wire such that it can be inserted into a narrow-mouth glass bottle. Then, the user pours hot water into the bottle to see if the deformed ship can recover its original shape. During the experiment, the user can observe the change of the SMA’s crystal structure between the austenite and the martensite phases using the magnifier, a symbol of the observation tool for viewing the SMA crystal structure. Finally, the phase transformation in each step of the experiment is shown as a review for the whole shaping and restoration process.




3.7. SMA Applications


The learning unit ‘SMA Applications’ introduces two examples of real-life applications, i.e., the heat-driven motor and the vascular stent. The user can observe how the SMA material changes its shape and crystal structure with temperatures to understand the working principles. In the first example, the user can turn on the power supply to see the motor driven by the SMA spring, which is heated by the electric power and shrink to generate the tensile force (Figure 13). After the rotation by a small degree, the heated spring is disconnected from the power supply such that it cools down and becomes loose. However, the succeeding SMA spring is connected with the power supply; it is heated and shrinks to generate the tensile force for the motor to continue rotation.



The second example shows the application of SMA in vascular stents for dilating the blood vessel. Before the vascular stent is implanted into the blood vessel, the blood is stopped by clamps to keep the vascular at a lower temperature. The vascular stent is stretched to become a very thin piece for inserting into the blood vessel. After that, the clamps are removed and the blood is allowed to flow through the blood vessel. The blood temperature will trigger the phase transition and enable the vascular stent to restore its original shape for dilating the blood vessel (Figure 14).




3.8. Online Test


After the completion of all learning activities, the teaching module will require the user to assess the learning achievement by taking the online test. There are 10 multiple-choice questions designed based on the contents of the teaching module and they were reviewed by the SMA experts to ensure their correctness. After clicking the button ‘Online Test’, the system will show the test question one after another and the user can choose the correct answer accordingly (Figure 15).



In Figure 15, the first question asks “Which of the following alloy is the most widely used SMA?” The user can select any answers from the list of alloys. If the user’s selection is (D): “Ni-Ti”, the screen will show a correct mark and go to the next question; if a wrong answer has been selected (A, B, or C), the system will display the incorrect mark and request the user to answer again. Similarly, the second question asks “Which is the structure of austenite phase?” The system will reply “You are right.” and show a correct mark if the user chooses (B) or show the incorrect mark and request the user to answer again if the he or she selects other answers.





4. Teaching Experiment


A teaching experiment has been conducted to measure the performance of the teaching module in learning the SMA’s properties and applications. A questionnaire survey has been performed to explore students’ attitudes after using the teaching module. Two classes of students were selected as the experimental samples from the Department of Materials Science of a university in North Taiwan. The control group contained 70 students and the experimental group contained 52 students due to convenience sampling. The former was given an SMA lecture and used the SMA wire as the teaching aids to conduct the real shaping experiment. The latter conducted the virtual experiment using the SMA teaching module after taking the same lecture.



A nonequivalent pretest-posttest design was adopted in the teaching experiment to explore whether the two groups had a significant difference in learning effectiveness. The students in both groups took a pretest to assess their SMA knowledge before the teaching activities, and then the posttest was taken after the teaching activities while the experimental group also needed to fill out a questionnaire to measure their attitudes after using the teaching module. The questionnaire results can be referred for improving the teaching module in the future. Figure 16 shows the flowchart of the teaching experiment, and its variables of are listed in Table 1.



4.1. Research Tools


In this study, the following research tools were used: the SMA wire, the teaching module, the achievement test, and the questionnaire used by the experimental group:

	
The teaching module








The teaching module can be executed on mobile or head-mounted devices. Its learning contents include the material properties and applications of the SMA. The application software was used by the experimental group and it was installed on the tablet PC (Figure 17).



	
SMA wire






The SMA wire was used by the control group to conduct the real shaping experiment (Figure 18). After creating different shapes with the SMA wire, the students put their works into the oven where the temperature was set to increase 10 °C per minute up to 500 °C. After cooling, the works were returned to students to check if they had shape memory effects.



	
Achievement test






The achievement test was designed according to the SMA learning contents, including the manufacturing process, shape memory properties, principles and real-life applications. A number of 20 multiple-choice questions were designed and revised by two SMA experts and the science teacher (The test questions are listed in Appendix A).



	
Questionnaire survey






The questionnaire is a system satisfaction survey containing 17 questions, which are divided into three categories (five questions on learning contents, five questions on user interface, and seven questions on operational experience). It was designed to investigate students’ attitude after using the teaching module. When designing a new questionnaire for usability survey, it should be pilot tested and validated to make sure it is conducting the measurement reliably [34]. The questionnaire has been revised before taking the survey according to the suggestions of two SMA experts and the science teacher.



	
Observation records






The experimental process has been observed and recorded to provide qualitative results for interpreting phenomena in terms of the meanings students brought to them to develop deep understandings on what they perceived as evidence for supporting the quantitative analysis.




4.2. Comparison of Learning Achievement


After the teaching experiment, an analysis of covariance (ANCOVA) is conducted to compare the learning effectiveness between the two groups to see whether a significant difference exists due to different teaching methods. This study uses the software IBM SPSS Statistics (2018, IBM Corp., Armonk, NY, USA) to analyze the results of the achievement tests. The average scores of the pretest and the posttest for the control group are 55.22 and 60.29, respectively; the average scores of the pretest and the posttest for the experimental group are 54.90 and 67.69, respectively. As we show in Table 2, the experimental group made a progress of 12.79, which is higher than the progress made by the control group (5.07).



The Levene’s test is used in this study to compare if there is a significant difference in the pretest results of SMA knowledge between the two groups. The results, f = 1.93 and p = 0.17 > 0.05, show that no significant difference exists, so the SMA knowledge of the two groups before the teaching activities was approximately equivalent. This study performs a statistical analysis on the pretest and posttest results for both groups by using a paired sample t-test to find out if there is a significant progress made by the students using different learning tools. The results for the control group show that t = 2.98 and p = 0.004 < 0.01, revealing the real SMA experiment can enhance the learning achievement effectively. The results for the experiment group show that t = 6.55 and p < 0.001, revealing the virtual experiment can also enhance their learning achievement effectively (Table 3).



When performing the ANCOVA, it is required to satisfy the homogeneity of variance as well as the homogeneity of within-group regression coefficients.



	
Homogeneity of variance






The Levene’s test is used in this study to confirm the homogeneity of variance between the control group and the experimental group. The Levene’s test results show that the variance has not achieved the significant standard (f = 0.7 and p = 0.4 > 0.05) and therefore the assumption for the homogeneity of variance is satisfied.



	
Homogeneity of within-group regression coefficients






For both groups, the homogeneity of within-group regression coefficients must be met before performing the ANCOVA. Similarly, the test results have not achieved the significant standard (f = 1.37 and p = 0.24 > 0.05). Consequently, the dependent variable, as well as the covariance, are not affected by the independent variable and thus the assumption is satisfied.



An ANCOVA is used in the teaching experiment to compare the learning achievements between the experimental group and the control group. It is done by excluding the effect of dependent variable and covariance. The ANCOVA results show that the impact of the teaching method (independent variable) has affected the learning achievement (Table 4). A significant difference exists between the experimental group and the control group (p = 0.001). Since the learning achievement of the former is higher than that of the latter, it is inferred that learning achievements of students on the SMA knowledge can be improved more effectively by the virtual experiment than the real experiment.




4.3. Questionnaire Results


The questionnaire results by the experimental group are derived by a statistical analysis to understand the attitudes of students after using the teaching module. For every question, the average score, as well as the number and percentage of each selected item, are calculated and shown in Appendix B. The questionnaire adopts a five-point Likert scale [35] (strongly agree: 5 points; agree: 4 points; neutral: 3 points; disagree: 2 points; strongly disagree: 1 point) to measure students’ attitudes after using the teaching module. The reliability analysis is performed using the statistical software SPSS and the Cronbach’s α = 0.95, showing a high standard of reliability.



	
Learning contents






Most students thought the contents of the teaching module is easy to understand and enables them to learn the properties and applications of the SMA. They agreed that the teaching module could be used to learn the related knowledge and basic concepts of the SMA and it enabled them to understand the SMA’s crystal structure may change with the temperature. The questionnaire results show that most students gave positive feedback on the learning contents. The average scores ranges from 4.27 to 4.40, and the overall average score in this category is 4.33.



	
Interface design






Most students considered that the operation of the teaching module is easy and the simulation of the SMA properties and applications is close to the real situation. They thought the teaching module provides a friendly user interface as well as proper font sizes and clear images. However, the score for the operational speed is comparatively lower because the tablet PC needs more computation time in processing the 3D interaction but its CPU is not very powerful. Basically, the questionnaire results show that students were satisfied with the interface design. The average scores ranges from 3.63 to 4.37, and the overall average score in this category is 4.12.



	
Operational experience






Most students could actively complete the learning activities and the online test by following system instructions. They felt that the teaching module could help them understand the SMA’s properties and the shaping process, and they could also understand that the crystal structure of SMA may change with temperature. Students thought the teaching module could increase their learning interest and they would like to use it for learning the related knowledge and basic concepts of the SMA. The questionnaire results show that students were satisfied with their learning experience after using the teaching module. The average scores ranges from 3.94 to 4.25, and the overall average score in this category is 4.1.




4.4. Observation Records


The teaching experiment was conducted in the class of a materials science course at a university in Northern Taiwan. The students in both groups took the pretest before the lecture of teaching the SMA properties and applications. Then, the control group used the SMA wire while the experimental group used the teaching module for conducting the SMA shaping experiment, respectively. Due to the limited number of tablet PCs, three to four students in the experimental group shared a tablet PC in the teaching experiment. The instructor explained the operational procedure and then let the students conduct the learning activities. Since the SMA wire is expensive, three to four students in the control group shared a piece of SMA wire when conducting the shaping experiment. There were five teaching assistants on site to help with the teaching activities and answer questions.



During the teaching activity, students in the experimental group were curious about the virtual experiment in the teaching module and they were focused on learning the SMA knowledge. Most students had the ability to operate tablet PCs while using the teaching module and they discussed the learning contents with the group members actively. They considered the teaching module useful in learning the SMA properties and applications because it was easy to operate and could save a lot of time without incurring any danger or environmental pollution.



For the control group, the teaching assistants first demonstrated the shaping process of SMA and then provided students with a piece of SMA wire. The students had to be careful about the strength used when designing their works with the SMA wire because it was not any easy task. The works of different shapes created by students during the class had no shape memory effect yet, so the teaching assistants had to put them in the oven for the shaping process, which took about five hours. To save time, the science teacher prepared some SMA wire samples with shape memory for the students to continue the deformation and restoration processes. The students stretched and twisted the wire samples and they were surprised to see the immediate restoration to the original shapes when the SMA wire was put into hot water.





5. Conclusions


In this study, a teaching module is developed using VR technology and the research results of SMA products as the learning contents for learning the SMA properties, shaping and restoration processes, and real-life applications in an immersive and interactive way. It is helpful in enhancing students’ understanding of the SMA’s material properties and applications. A teaching experiment has been performed for investigating students’ learning achievements and attitudes after using the teaching module. The experimental results reveal that:

	(1)

	
The teaching module is effective in improving the learning achievement.









Both groups made significant improvement after the teaching activities, indicating the shaping experiment using real SMA wire as well as the teaching module are both effective for improving the learning achievement. However, the ANCOVA results show that the learning effectiveness of the teaching module is significantly higher than that of the real shaping experiment.



	(2)

	
The students held positive attitudes towards the teaching module.







The questionnaire results show that students were mostly satisfied with the teaching module and they held positive attitudes towards the learning contents, interface design and operational experience. They considered the teaching module easy to operate, useful in increasing their learning interest, and effective in helping them understand the properties and applications of SMAs.



	(3)

	
The teaching module can save the cost and time of conducting real experiments.







Using the teaching module, there is no need to use the TEM to observe the SMA’s crystal structures. Additionally, a high-temperature oven up to 500 °C is required in the shaping experiment and it takes more than 5 h for the shaping process to complete. Therefore, the teaching module is a useful tool in learning the basic concepts and applications of SMAs for educational purposes.
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Appendix A. Achievement Test of the Shape Memory Alloys


	
Which of the following descriptions about the SMA is correct? (A) The SMA is an alloy that can always have shape memory. (B) The SMA is an interstitial alloy. (C) The SMA is a substitutional alloy. (D) The SMA has low production costs and simple manufacturing processes.



	
Which of the following is the most commonly used SMA? (A) In-Tl (B) Cu-Zn (C) Cu-Al-Ni (D) Ni-Ti



	
Which of the following is not a shape memory effect of the SMA? (A) One-way shape memory effect (B) Two-way shape memory effect (C) All-round shape memory effect (D) Reverse shape memory effect



	
What is the operating principle of the SMA motor after the SMA spring is deformed by electric heating? (A) A tensile force is generated. (B) Pressure is generated. (C) A repulsive force is generated. (D) Elasticity is generated.



	
Which of the following is important during the initial smelting of the SMA? (A) The atomic ratio of the alloy will affect whether it needs to be smelted in a vacuum. (B) The atomic composition of the alloy will affect whether it needs to be smelted in a vacuum. (C) The atomic ratio of the alloy will affect the speed and temperature of the smelting. (D) The atomic composition of the alloy will affect the speed and temperature of the smelting.



	
The medical applications of the SMA for the treatment of patients such as the bone lamellae use the pressure generated by the SMA to fix broken bones for healing faster. Which of the following applications uses the same principle? (A) Dental braces (B) Vascular stents (C) Automatic fire alarms (D) Temperature control switches



	
What is the crystal structure of the shape memory alloy in the austenite phase? [image: Applsci 09 00580 i001]



	
What is the crystal structure of the SMA after it is deformed by an external force? [image: Applsci 09 00580 i002]



	
What is the crystal structure of the SMA after it is heated above the shaping temperature? [image: Applsci 09 00580 i003]



	
What is the order of crystal structure change after the SMA is deformed by an external force at room temperature, then restores its original shape after heating, and finally cools down to room temperature? (A)Austenite→Martensite→Martensite (B) Martensite→Martensite→Austenite (C) Austenite→Austenite→Martensite (D) Martensite→Austenite→Martensite



	
What is the correct order of the SMA’s manufacturing process? (A) bedcaf (B) bacfed (C) bfceda (D) bcefda [image: Applsci 09 00580 i004]



	
What is the most important factor affecting the transition temperature of an SMA during its manufacturing process? (A) Materials used in the SMA (B) Alloy smelting equipment (C) Composition ratio of the SMA (D) Casting shape of the SMA



	
Shape memory alloys can be used in many products. Which of the following has already been widely used? (A) Eyeglass frame (B) Car bearing shaft (C) Camera casing (D) Wind turbine



	
What is the industrial shaping process of the SMA? (A) High Temperature→Shaping→Cooling→Formation (B) Cooling→Shaping→High Temperature→Formation (C) Shaping→Cooling→High Temperature→Formation (D) Shaping→High Temperature→Cooling→Formation



	
The Ni-Ti SMA has unique shape memory recovery characteristics, superelasticity, and fatigue resistance. Which of the following characteristics is further required for its medical applications? (A) Heat transferability (B) Biodegradability (C) Biocompatibility (D) Conductivity



	
What can we find out in the shaping process of the SMA? (A) The SMA has a shape memory effect after cold working. (B) The SMA has a certain resistance at high temperatures. (C) During the cooling process, we can still change the shape memory of the SMA. (D) The crystal structure of the SMA does not change during the cooling process.



	
How can the SMA vascular stent help treat blood vessel diseases? (A) Clearing cancer cells (B) Opening the blocked blood vessel (C) Preventing blood clotting from flowing to the heart (D) Reinforcing fibrotic vessels



	
During the shaping process of the Ni-Ti SMA, what is the temperature and time interval required to achieve a better shape memory effect? (A) 400 °C/4 h (B) 500 °C/5 h (C) 600 °C/6 h (D) 700 °C/7 h



	
During the shaping process, a heavy iron block is placed on top of the SMA wire after it is bent into a star shape. How will the shape of SMA wire change if the shaping process is conducted without the iron block? (A) It remains unchanged. (B) The star will concentrically enlarge. (C) The star will concentrically shrink. (D) The star will warp.



	
In the manufacturing process of an SMA, many misalignments may occur to result in hardening during the cold working step such as rolling. Therefore, annealing must be performed to eliminate hardening for the SMA to have better shape memory properties. The SMA is widely used in biomedical applications, such as: vascular stents and dental braces. When the SMA is in the martensite phase and plastically deformed within the limited extent, it can be transformed into the austenite phase by heating to the transition temperature, where the SMA will restore its original shape. What is the main mechanism of stress deformation in the martensite phase? (A) Grain boundary sliding (B) Sliding of coherent twin boundaries (C) Slip displacement (D) Diffusion
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Table A1. Questionnaire Results by Students after Using the Teaching Module.






Table A1. Questionnaire Results by Students after Using the Teaching Module.





	
Category

	
Questions

	
Student Number and Percentage

	
Average Score

	
Standard Deviation




	
Strongly Agree

	
Agree

	
Neutral

	
Disagree

	
Strongly Disagree






	
Learning Contents

	
1.  The textual descriptions in the teaching module are easy to understand.

	
22

	
25

	
5

	
0

	
0

	
4.33

	
0.65




	
42.3%

	
48.1%

	
9.6%

	
0%

	
0%




	
2.  The contents of the teaching module enable me to understand the principles of SMAs.

	
25

	
23

	
4

	
0

	
0

	
4.40

	
0.63




	
48.1%

	
44.2%

	
7.7%

	
0%

	
0%




	
3.  The teaching module makes me become familiar with the applications of SMAs.

	
21

	
24

	
7

	
0

	
0

	
4.27

	
0.69




	
40.4%

	
46.1%

	
13.5%

	
0%

	
0%




	
4.  The teaching module enables me to know that the crystal structure of an SMA may change with temperatures.

	
23

	
25

	
4

	
0

	
0

	
4.37

	
0.63




	
44.2%

	
48.1%

	
7.7%

	
0%

	
0%




	
5.  The teaching module can be used to learn the related knowledge of SMAs.

	
20

	
27

	
4

	
1

	
0

	
4.27

	
0.69




	
38.5%

	
51.9%

	
7.7%

	
1.9%

	
0%




	
User Interface

	
6.  The operation of the teaching module is easy.

	
25

	
23

	
2

	
2

	
0

	
4.37

	
0.74




	
48.1%

	
44.2%

	
3.9%

	
3.9%

	
0%




	
7.  The font sizes of the teaching module are proper and its images are clear.

	
23

	
21

	
7

	
1

	
0

	
4.27

	
0.77




	
44.2%

	
40.4%

	
13.5%

	
1.9%

	
0%




	
8.  The user interface of the teaching module is friendly.

	
21

	
24

	
6

	
1

	
0

	
4.25

	
0.74




	
40.4%

	
46.2%

	
11.5%

	
1.9%

	
0%




	
9.  The simulation of the SMA shaping process and applications are close to the real situation.

	
19

	
18

	
15

	
0

	
0

	
4.08

	
0.81




	
36.5%

	
34.6%

	
28.9%

	
0%

	
0%




	
10.  The execution speed of the teaching module is satisfactory.

	
12

	
15

	
20

	
4

	
1

	
3.63

	
0.99




	
23.1%

	
28.9%

	
38.5%

	
7.7%

	
1.9%




	
Operational Experience

	
11.  When using the teaching module, I can actively complete the learning activities by following the instructions.

	
13

	
26

	
12

	
1

	
0

	
3.98

	
0.75




	
25%

	
50%

	
23.1%

	
1.9%

	
0%




	
12.  The teaching module helps me understand the principles of SMAs.

	
18

	
27

	
7

	
0

	
0

	
4.21

	
0.67




	
34.6%

	
51.9%

	
13.5%

	
0%

	
0%




	
13.  The teaching module increases my interest in learning the related knowledge of SMAs.

	
16

	
24

	
12

	
0

	
0

	
4.08

	
0.74




	
30.8%

	
46.2%

	
23.1%

	
0%

	
0%




	
14.  The teaching module helps me understand the shaping process of SMAs.

	
19

	
28

	
5

	
0

	
0

	
4.27

	
0.63




	
36.5%

	
53.9%

	
9.6%

	
0%

	
0%




	
15.  After using the teaching module, I would like to learn about the knowledge of SMAs.

	
15

	
22

	
14

	
1

	
0

	
3.98

	
0.80




	
28.9%

	
42.3%

	
26.9%

	
1.9%

	
0%




	
16.  I understand that the crystal structure of the SMA may change with temperatures after using the teaching module.

	
20

	
25

	
7

	
0

	
0

	
4.25

	
0.68




	
38.5%

	
48.1%

	
13.5%

	
0%

	
0%




	
17.  I like to use the teaching module to learn the basic concepts of SMAs.

	
11

	
30

	
9

	
1

	
1

	
3.94

	
0.80
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Figure 1. A simplified manufacturing process of the SMA. 
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Figure 2. Using the TEM to observe a material’s crystal structure. 
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Figure 3. Transformation between the martensite and the austenite phases. 
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Figure 4. Different SMA shape memory effects. 
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Figure 5. Using Unity3D to design the user interface in the virtual experiment. 
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Figure 6. System architecture of the SMA teaching module. 
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Figure 7. Conducting the virtual experiment using a mobile or head-mounted device. 
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Figure 8. Using 3DS Max to design the 3D objects in the virtual experiment. 
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Figure 9. Operating flowchart of the SMA teaching module. 
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Figure 10. Initial screen of the SMA teaching module. 
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Figure 11. Learning the basic concepts of SMA. 
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Figure 12. Virtual experiment: designing a ship in a bottle using the SMA wire. 
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Figure 13. The heat-driven motor using SMA springs. 
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Figure 14. The SMA vascular stent for dilating the blood vessel. 
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Figure 15. System response after answering the questions. 
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Figure 16. Flowchart of the teaching experiment. 
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Figure 17. Teaching module used by the experimental group. 
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Figure 18. Different shapes of SMA wire folded by the control group. 
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Table 1. Variables of the teaching experiment.






Table 1. Variables of the teaching experiment.





	
Independent Variables

	
Control Group

	
Conducting the Real Experiment




	
Experimental Group

	
Conducting the Virtual Experiment






	
Covariance

	

	
Pretest of the achievement test




	
Dependent variable

	

	
Posttest of the achievement test




	
Control variables

	

	
Learning contents, teacher and teaching time
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Table 2. Descriptive statistics of achievement test.






Table 2. Descriptive statistics of achievement test.





	

	
Achievement Test

	
Number of Students

	
Average Score

	
Standard Error

	
Standard Deviation






	
Control group

	
Pretest

	
70

	
55.22

	
1.58

	
13.23




	
Posttest

	
70

	
60.29

	
1.54

	
12.85




	
Experimental Group

	
Pretest

	
52

	
54.90

	
1.59

	
11.48




	
Posttest

	
52

	
67.69

	
2.10

	
15.13
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Table 3. Statistical results of the paired sample t-test.






Table 3. Statistical results of the paired sample t-test.














	
	Mean of Progress
	Standard Deviation
	Standard Error
	t
	Degree of Freedom
	Significance (p)





	Control group
	5.07
	14.26
	1.70
	2.98
	69
	p = 0.004*



	Experimental group
	12.79
	14.09
	1.95
	6.55
	51
	p < 0.001**







p < 0.01*, p < 0.001**.
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