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ABSTRACT Critical thinking is an important part of the quality cultivation of engineering students.
At present, many colleges and universities in China have gradually realized it, and mainly strengthen the
training of students’ critical thinking by offering relevant humanities courses, but there are few researches
related to this topic through the penetration of engineering professional courses, and they are not deep
enough. This study mainly discusses the efficacy of virtual simulation system teaching method in improving
critical thinking of engineering students engaged in NC (Numerical Control) machining. It integrates the
types of learning activities in the proposed teaching method with the development elements of critical
thinking, and then constructs the context-based teaching design along with a self-developed virtual learning
environment for the cultivation of students’ critical thinking. We also evaluated students’ response towards
the research topics to investigate its teaching-learning effectiveness and acceptance by student community.
Responses from questionnaires were collected from a convenience sample of 63 junior students majoring
in NC machining from the author’s university. The subsequent empirical study was conducted to exhibit
superior results for mostly the cognitive skills of critical thinking. Students’ feedback also revealed that
students obtain more satisfaction and self-confidence, and demonstrated high positive attitude towards the
proposed teaching method, and showed high perceived usefulness of the context-based teaching design
to acquire complete, concrete and confident knowledge of NC machining. The findings of this study are
valuable for academic institutions and educators to design the virtual visualized lectures and classrooms to
enhance students’ performance in critical thinking.

INDEX TERMS Critical thinking, empirical study, computer-supported collaborative learning, NC machin-
ing course, virtual simulation system teaching method.

I. INTRODUCTION
As we live in a world with an increased attention to the
sciences, this explosive growth of scientific knowledge and
its implications intrinsically affect everyone’s lives. In truth,
never before has there been a pressing need for students
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and the public to be prepared to take a stand in science
issues, detect fallacies in arguments, and provide rational
and logical decisions on societal issues, which can all be
achieved by possessing critical thinking (CT) skills [1]. CT
plays an important role in the contemporary information soci-
ety, which is conducive to improving the learning ability of
college students, so that they could better adapt to the future
social development. Nowadays, CT has been recognized as
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one of the two basic skills of thinking as well as the problem-
solving ability [2]. It can be said that CT requires think-
ing deeply, being active, having purpose, being conscious,
questioning, judging, thinking what to believe or not, and
thinking what to do, and regarding these while deciding [3].
As an indispensable part of knowledge learning, CT is a kind
of thinking activity of understanding, processing and trans-
mitting the information in the process of solving problems,
understanding experiences and creating ideas. There needs to
be feasible research programs that allow different methods to
be developed and trialed in higher education over extended
periods.

Nowadays, scientific and technological innovation ability
is an important context to measure the quality of person-
nel training in engineering colleges. Developing optimum
solutions to engineering problems typically relies on struc-
tured and complex thought processes that require evalua-
tion, interpretation and opinion. Well-developed CT skills
are essential for dealing with the multi-dimensional nature
of these problems [4]. Over the last decade, there has been
an increased focus on developing CT skills within the engi-
neering education [5]. It can be said that the cultivation of
CT ability has become an important link in improving the
quality of personnel training in engineering colleges. At the
same time, CT is the logical prerequisite and driving force
for engineering students to improve their innovation ability.
Although the development of CT skills has emerged as an
important issue in engineering education, implementation of
pedagogies targeting these skills across the engineering dis-
ciplines has proved challenging. Fostering CT of engineering
students is a systematic project involving educational con-
cept, teaching content, teaching methods, curriculum system,
etc. From the perspective of teaching, it is quite meaning-
ful to discuss how to facilitate the development of CT by
adjusting the curriculum plan and content, and changing the
teaching methods or modes in the teaching process. CT in an
engineering context is well reported in teaching and learning
academic literature, however, much of this is framed within
theoretical and conceptual frameworks. Practical approaches
of how CT skills are best promoted in engineering curricula
are less common.

For this reason, this study hopes to investigate the per-
formance of the context-based teaching designs along with
a self-developed VR computer numerical control training
environment for the cultivation of the students’ CT. And a
state-of-art review of practical intervention that targets the
development of CT in engineering students is presented. That
is, the proposed virtual simulation system teaching design
were first developed for this study, by the aid of the latest
development results of virtual reality technology in the field
of NC machining simulation. It will exploit the entire design
process of NC machining simulation system into an innova-
tive practice training project of NC teaching, and regard the
UG/ISV integrated simulation & verification module as the
platform to explain NC processing-related knowledge from
the perspective of the system, so that students will further

into the attempt to establish NCmachining simulation system
from the previous simple application.

Furthermore, we take the typical parts as an example to
verify the virtual simulation of the whole NC machining
process. In this way, the teaching content which supposed
to be finished only by several intermittent training pro-
grams can be organically combined into a comprehensive
and innovative training project through NC machining sim-
ulation system, emphasizing the integrity, practicality and
synthesis of the project. Secondly, this article concerns itself
with the examination of NC learning performance issue of
the students majoring in NC machining from the perspec-
tive of CT. We will implant CT into the learning activi-
ties in the proposed teaching method. Activities included
the process-oriented guided-inquiry learning,model building,
case studies and targeted CT exercises. Our goal was to
assess the impact of targeted interventions in NC machining
course and focuses on teaching activities where their effects
in promoting CT skills in students are measured. Thirdly,
to more robustly and holistically ensure that CT is clearly
embedded in NC machining course, the empirical study on
virtual simulation system teaching activities promoting the
development of CT skills was experimented in NC machin-
ing classroom and 63 junior students were recruited from
the department of mechanical engineering of the author’s
university. Then, the corresponding pretests, teaching activi-
ties and posttests were implemented based on the proposed
teaching designs. Finally, the questionnaire-based perfor-
mance evaluations were utilized to conduct the final com-
parison and conclusion. And the corresponding research
findings are further explored to establish solid theoretical
and practical basis for the application of CT in engineering
education.

The remainder of this article is organized as follows.
Section 2 provides a description of the related work and
the uniqueness of this article. Section 3 presents a detailed
description of the virtual simulation system teaching method
for NCmachining course based on virtual simulation technol-
ogy, and discusses the implementation of the teachingmethod
in cultivating the students’ CT ability. Section 4 presents
an experiment carried out by the junior students majoring
in NC machining in the engineering college of the author’s
university. The design of the evaluation rubric and the corre-
lation questionnaire for assessing the students are also pre-
sented. Section 5 provides the results in both quantitative
and qualitative manners, the corresponding discussions and
findings about the insights gained from this study. Finally,
Section 6 and 7 presents the conclusions and future work of
this study.

II. LITERATURE REVIEW
This section introduces the relevant research literature and the
educational technology that enable to promote the cultivation
of CT ability for college students. And some implications
for curriculum design and implementation in relation to CT
are presented. We also describe the advantages of virtual
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simulation technology applied in NC machining course,
as well as the possible challenges faced in the teaching
practice.

A. CRITICAL THINKING TEACHING METHODS
During the last two decades students at higher education
are being more exposed to the concept of CT as a way to
improve not only their professional skills, but their personal
capabilities as members of a global community [6], [7]. CT
is a purposeful, self-regulatory thinking in which individuals
systematically and habitually impose criteria and intellectual
standards upon their thought processes [8]. The develop-
ment of CT has been one of the most essential objectives
in many educational areas for many years, mainly involving
economics [9], literacy [10], geography [11], mathematics
[12], and higher education [13]. In fact, the teaching of CT is
of vital importance to all students in all subjects, because all
subjects require you to ask questions, relate theory to practice,
find and use appropriate evidence, evaluate, find links, and
categorize. For this reason, the university must do its best to
integrate it into the syllabus, curriculum and classroom [14].
Any subject teaching should include imparting CT knowl-
edge, developing CT skills, and aiming at cultivating critical
thinkers with CT attitudes and habits, so that they are willing
and good at CT when appropriate [15].

CT is an urgent research hotspot in the field of under-
graduate education, because it is the essential foundation
for students in economic, social, political and daily life of
the 21st century and thereafter. No matter in life or in the
professional field, everyone may fall into the dilemma of
not knowing what to believe or what to do. However, people
who are proficient in CT are more likely to find satisfactory
solutions than those who do not reflect or respond by instinct.
Those who tend to handle the difficulties with the skillful
CT can better control their lives. Generally, most people will
develop some CT habits or skills more or less in the process
of growing up, especially in school education. In fact, those
education models with special emphasis on the knowledge,
skills and attitudes of the critical thinkers will greatly improve
their quality in this respect.

CT training is an important goal of university education,
and also the key to cultivate high-quality innovative talents.
In general, CT is composed of attitude dispositions (critical
spirit) and skills (intellectual skills) [16]. One of its core
contents is to improve the people’s practical demonstration
ability by cultivating logical thinking ability, and to train
the ability of information analysis, reasoning and evaluation
through detailed argumentation skill training. Another core
content is to cultivate the thinking habit guided by behaviors
with the help of the skills mentioned above, and to cultivate
the spiritual temperament of being bold in questioning, ratio-
nal thinking and introspection.

Although the definition of CT is not unique to a single
discipline, there are still some debates about whether CT
could be taught in general courses or be independent of other
disciplines [17]. At present, there are two main opinions on

the teaching method of CT: the first is to advocate a special
course of CT, and the second emphasis on the combination of
CT training and specific disciplines. It can be said that there
are many new courses about CT in undergraduate education
every year, but a preponderance of scholars argue against
such stand-alone courses, mainly because they discover CT is
more successfully taught within the context of specific sub-
ject knowledge [18]. After years of practice, many research
results show that it is more effective to integrate CT into
specific disciplines. Hence, how to carry out classroom teach-
ing of CT to improve students’ thinking ability is still an
important field worthy of further study.

CT ability of college students can be improved only
through systematic training program. The crux of the matter
lies in how to effectively deal with the relationship between
CT training and specific subject education [19]. Thinking
training is not just the responsibility of specific courses, such
as logistics, psychology or pedagogy. Thinking can not be
separated from the process and content of education, and
each course should guide the students how to engage in the
interpretation, analysis, evaluation, reasoning and explana-
tion for the research content in the context [20]. The teaching
method of CT requires the professional teachers to impart
professional knowledge and develop CT spirit throughout
the teaching activities, while imperceptibly guiding students
to master CT skills. In order to strengthen the training of
CT ability and innovation ability of students, it is necessary
for specialized courses teaching to consciously cultivate the
students’ multiple thinking ability, involving analysis and
synthesis, abstraction and generalization, multi angle obser-
vation and innovation consciousness, so as to point out the
problems and solve them [21].

David pointed out that the best way to teach CT is to
use CT to inspire students to think actively, and encourage
them to engage in exploration and creation activities from
a personal sense [22]. Therefore, the primary purpose of
teaching is not simple to impart knowledge to the students,
but to find a variety of teaching methods to mobilize the
enthusiasm of students to actively participate in the teaching
activities. At the same time, the learning process should be
combined with the practice, and encourage students to con-
duct multi-angle exploration and debate for specific issues.
The fundamental goal of teaching is to make students will-
ing and able to devote oneself to evidence analysis, reason
inquiry, open-mindedness and being good at practice, and
constantly urge students to explore different facts, opinions,
explanations and arguments. Therefore, to cultivate the stu-
dents’ ability of CT and problem-solving, classroom teaching
needs to be designed consciously to enable students to focus
on the state of self thinking, so as to carry out behavioral
reflection and rational criticism. In this way, the students
could carry out specific practical reasoning and detailed
demonstration, and open their minds to use imagination to
analyze various possibilities, procedures and consequences,
so as to explore new knowledge and then take effective
actions.
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B. REVIEW OF VIRTUAL SIMULATION SYSTEM TEACHING
METHOD
Virtual simulation technology combines image processing,
pattern recognition, computer graphics, sensing technology,
intelligent technology, network technology, voice processing,
audio technology and other science, transforming the digital
information of computer processing into multi-dimensional
information people can perceive [23]. Users may make a
dynamic interaction towards the control behavior through the
visual, listening, touch and other perceptions.

With the diversified development of contemporary educa-
tion, a single teaching mode alone will not be sufficient to
solve the limitations of the students’ innovative thinking and
creativity [24]. System teaching method usually emphasizes
that teachers need to arrange teaching contents systemati-
cally, so that students could strengthen their understanding
of the interrelated knowledge learned from the perspective
of the integrity, sort out the main line of the course, pay
attention to the mutual connection and penetration of dif-
ferent knowledge points, and eventually grasp the integrity
and systematic nature of the whole course [25]. Students
can not only learn and master the basic knowledge of
all chapters and sections, but also make each component
of the given system organically combined, integrated and
comprehensively used.

From the perspective of systematic thinking, the cultivation
of the students’ CT consciousness and skills is a system-
atic project [26]. The core task of CT training lies in the
unity of cultivating critical spirit, mastering critical skills
and enhancing practical ability [27]. In constructivist view,
the learning is a constructive process where the learners
construct their own understandings, and knowledge cannot
simply transfer from one person to another because it is
not a pure copy of the external world [28], [29]. Construc-
tivism is a student-centered instructional design approach
in which the learning is treated as the development of a
personally meaningful understanding of content, developed
through interactive experiences with stimulus materials and
problems in a realistic context [30]. Wilson (1996) defines
constructivist learning environment as a place where learners
may work together and support each other as they use variety
of tools and information resources in their guided pursuit
of learning goals and problem-solving activities [31]. The
virtual simulation system teaching method proposed in this
article was based on the constructivist learning theory. It uses
the distinctive virtual simulation technology to transform
the actual application scene into virtual simulation system
through the equivalent description of the actual production
process. Next, after introducing it into the classroom through
reasonable and effective teaching design, we can carry out
the systematic teaching method in the virtual environment.
This would provide students with a goodmulti-channel learn-
ing opportunity to engage in exploratory research and cre-
ative thinking in innovative teaching situations. Moreover,
the interaction of multi-dimensional information between
human and the virtual environment makes the students have

a sense of being in the real world, so that students could
have an immersive experience for the criticality of problem
evolution and solution in the real process. In addition, through
virtual operation, parameter adjustment and process analysis,
the students’ thirst for knowledge is aroused to take a critical
attitude towards their existing knowledge and conclusions
and constantly improve them, experience the variability and
complexity of the actual production process, so as to form a
deep perceptual impression and finally realize the enhance-
ment of CT skills.

C. REVIEW OF NC TEACHING
As Numerical Control (NC) technology is getting more and
more progress, NC machine tools have been widely used
in the field of the mechanical processing industries, and
many companies are in great need of NC technical per-
sonnel, in which case some NC technology courses have
been set up in the mechanical engineering specialty of most
colleges and universities [32]. NC machining course is an
undergraduate course in the authors’ university. It is because
NC teaching needs great theoretical depth and practicality
that students find it difficult to learn it well. Moreover, it is
hard to attract the students’ attention by simple monolithic
explanation in classroom. NC professional knowledge was
traditionally taught as an isolated body, but the fact is that it
also has to be learned for understanding, application, analysis,
evaluation and creation. Therefore, it is of great value for us to
find the suitable teaching method. With this in mind, several
attempts have been made to find new educational approaches
to enhance the students’ learning motivation.

NC machining courses usually involve interpreting,
describing, predicting and identifying the causal relation-
ships within a machining framework. In particular, the virtual
simulation system teaching design for NC machining course
seems prone to developing such skills. Integrating CT with
other capabilities, like guided inquiry, experimenting, seek-
ing evidence with support, teamwork and communication,
to form a few of NC machining-related skills, which can
easily be enhanced through the development of CT skills.
Consequently, NC teaching can be improved if it is taken to
higher levels by aiming at CT through scientific experimen-
tation, variable manipulation, data collection, deeper analy-
sis, and integration of knowledge and processes. Moreover,
the students will learn themost when they experience learning
activities themselves, and where they apply CT skills with
some assistance. In short, CT can contribute toward a better
understanding of NC professional knowledge, to prepare stu-
dents to act in the context of problem-solving and decision-
making with regard to NC machining.

D. OVERVIEW OF TEACHING METHODOLOGY IN THIS
STUDY
In the era of artificial intelligence, personal capabilities and
qualities are being more demanded, such as emotional intel-
ligence, teamwork and intrapersonal capabilities. Over the
past decade, the development of CT has also emerged as a
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fundamental goal for engineering education [33]. At present,
engineering education research has widely studied CT and
reasoning [34]–[36]. CT and its related education model have
become the research focuses of the engineering education
[37], [38]. the engineering courses plays a major role in pro-
viding opportunities for students to use and acquire higher-
order thinking skills. Yet, some researchers have voiced
concerns about students’ inability to think critically, mainly
because there are many arguments that teachers do not know
how to teach CT skills or the way to integrate CT skills in
their teaching strategies [39], [40]. Therefore, there is still
much work to be done since there is not a clear definition
of this capability, and also new active methodologies need to
be enhanced for its development.

Dresseletal pointed out that if the teacher used the appro-
priate teaching methods and chose the appropriate teaching
content, CT ability of students would be improved [41].
Duron, Limbach, and Waugh add that CT is facilitated
through practical activities which is expected for the student
to promote this capability should be included in the teach-
ing planning and methodological elements [42]. Veronika,
Roman, and Stanislav also insist on the need and importance
of focusing CT in the curriculum design of subjects [43].
Considering that different disciplines are characterized by
particular approaches to CT, it is very important for the
teacher to plan their courses well, so as to integrate theoretical
aspects with professional practice, and offer students these
type of experiences to address complex questions. To do
so, teachers should consider the purpose, level and type of
experiences that best helps to achieve the objective set.

As far as NC machining course studied in this article is
concerned, the integration of CT skills into the daily content
and lessons of NC teaching is essential for achieving the
important learning objective. Considering the limited teach-
ing resources of the physical classroom and the impact of
virtual simulation technology on traditional teaching ideas,
based on the literature review of NC machining course,
the virtual simulation system teaching method is considered
to be more effective for the development of CT. More specif-
ically, In the process of NC teaching, the virtual simulation
system teaching method is based on the teaching design of
NCmachining simulation system [44]. It regards the students
as the main body of the study, and encourages students to take
the initiative to think, actively participate in the discussion
and build their own NC machining simulation system. NC
machining simulation system is the mapping of NC machin-
ing system composed of machine tools, cutting tools, fixtures
and workpieces in the actual production process, and its
entity model is the subject of systematic visualization. And
it is composed of the standard parts library, virtual machine
tool library, processing system environment, tool path gen-
erator, simulation checking module, post-processing and
other parts. It is necessary to integrate the above-mentioned
components in order to form effective and unique teaching
method. It encourages students to observe things and ponder

questions with scientific attitude based on facts. In this way,
students might create new ideas and find new solutions to
solve the problems, and play a positive and effective role in
their studies. Figure 1 provides the frame design diagram of
NC machining simulation system and respective strategies
adopted in NC machining course.

CT process often requires knowledge and skills in a vari-
ety of disciplines, belonging to complex holistic thinking.
It can be considered as an interdisciplinary thinking when
individuals complete the complex tasks of the real world.
Therefore, it is helpful for the development of CT of stu-
dents when emphasize on integrating disciplines in interdis-
ciplinary courses. NC machining simulation system is the
comprehensive application of the knowledge involved in NC
machining, covering most of the professional knowledge of
that major. This article turns to the Integrated Simulation &
Verification (ISV) module latest developed by UG software
to complete the establishment of NC machining simulation
system. First of all, in the process of establishing NCmachin-
ing simulation system, we need to clarify the relationship
among machine tool geometric assembly model, machine
virtual controller, NC system post-processing, control system
settings, motion model, workpiece, machine tool and fixture
assembly model and other components. Besides, we need
to explore the function and the interrelationship between
the various aspects of the simulation system in improving
NC teaching effect through the step-by-step system anal-
ysis, based on the situation judgment and thinking. CT is
the process of actively and skillfully analyzing, applying,
synthesizing, evaluating the information that governs beliefs
and behaviors. This information is generated by observation,
experimentation, reflection, reasoning, or communication.
Secondly, in the process of dynamic machining simulation,
the simulation of the actual processing of the equipment and
the real processing environment will involve the definition
and selection of blank, workpiece clamping, fixture, machine
manual operation, machine tool installation and tool setting,
NC program input, measurement, collision detection, pro-
cessing functions, and also have the function of debugging,
editing, altering and tracking. Students can support their
views through the discussion and observation of rational
concept and then effectively improve the rational thinking
ability, and therefore make them derive from the precondition
to the final conclusion to quickly improve the understanding
and mastery degree of NC technology under safe and reliable
circumstances.

At the same time, the simulation system has the character-
istics of multi-system, multi-tool and multi-part, which can
make the students use the acquired knowledge to develop
NC machine tools in reality by custom and then further
expand the scope of NC machining simulation, so as to
provide ideal space for the cultivation of students’ open and
adventurous thinking, making the whole process of virtual
stimulation teaching design better illustrate the process of
seeking knowledge for college students has obvious stages,
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FIGURE 1. The frame design diagram of NC machining simulation system.

which is a process of evolution from simple to complex.
Therefore, the students trained by comprehensive training
program have made greater progress in their CT skills.

As far as the teaching is concerned, the simulation sys-
tem has strong adaptability and generality. The students can
accomplish the learning task of simulating complex thinking
during the process of CT, and it is the process to complete the
entire NC machining simulation system by using tools and
resources, and as well as the process to enlighten and guide
students to learn and explore themselves in the virtual reality
environment. Besides, it focuses on creating a cooperative
learning atmosphere. In the process of sharing knowledge and
experience between each other, it can strengthen the students’
ideological openness, self-confidence and systematization to
encourage students to solve the problem in their own way
through assessment and self-regulation process. Therefore,
the construction process of NC machining simulation system
is helpful to the formation of students’ CT ability.

III. DESIGN AND IMPLEMENTATION OF THE VIRTUAL
SIMULATION SYSTEM TEACHING METHOD
This section introduces the design and implementation of
the virtual simulation system teaching method of teaching
and learning in a course on NC machining. It will bring
students another dimension to experience the felling of design
and provides an efficient way of engaging students in active
learning processes. Due to the fact that the integration of
virtual simulation technology into the classroom provides
innovative learning environments that allow for more inter-
active, relevant, and effective applications to give students
valuable experiences, the course is well settled to introduce

NC machining simulation system, as well as the use of such
system tool for promoting collaborative learning and enhanc-
ing CT skills. This course is mainly for the junior students
majoring in NC machining in the engineering college of the
author’s university, and provides them with the opportunity
to experiment with ideas and see the results of their efforts on
the computer screen. The basic idea of nurturing the learners
through the teaching and instructional methodology is dis-
cussed in detail. The use of virtual simulation technology
provides the means to shift the course toward a highly visual
orientation and use computational techniques to solve real-
world engineering problems. Furthermore, a well elaborative
method of combining and implementing the proposed teach-
ing method and CT is presented to promote the development
of the students’ CT.

A. INSTRUCTIONAL DESIGN
The curriculum content for this course is designed specially
according to the construction process of NC machining sim-
ulation system, focusing on cultivating the students’ CT. The
first round goes by introducing the learners with the basic
knowledge of NC machining simulation system. NC machin-
ing simulation system mainly simulates the cutting process
of the whole machine tool, which will provide the learners
with a dynamic, three-dimensional visual effect. The virtual
simulation system teaching method takes the whole design
process of NC machining simulation system as an innovative
training project for students in NC teaching. The learners are
then oriented and guided to build their own NC machining
simulation system in groups by using the controlling gadgets
and applications from the integrated simulation module of
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FIGURE 2. The logic diagram of implementation process of NC teaching activities.

UG software. The learners are also familiarized with the use
of the machine control panel for guiding their engineering
training project and keeping the track of different parameters
as assigned through NC machining simulation system.

In the process of establishing NC machining simulation
system, only by establishing an accurate motion model of
NC machine tool, can the simulation results of the whole
machining process fully conform to the actual situation,
so that students can complete the comprehensive innovative
engineering training project. It can be said that the students
are also engaged in the learning task of simulating complex
thinking in the process of establishing the whole NC machin-
ing simulation system. It tends to inspire and guide students to
further explore knowledge in the virtual reality environment,
enhance students’ self-knowledge, self-esteem and learning
motivation, and encourage students to solve problems in their
own way. In a word, the construction process of NC machin-
ing simulation system is devoted to probing the principals
and means of training students’ CT in NC teaching activities.
Figure 2 shows the logic diagram of implementation process
of NC teaching activities under UG integrated simulation &
verification environment.

1) UNDERSTANDING OF NC MACHINE TOOL STRUCTURE
Before constructing NC machining simulation system,
we should first let students have a preliminary understanding
of the research objectives from the working principle and
overall structure of NC machine tool. Integrated simulation
& verification of UG software is a fully customizable appli-
cation module for simulating the cutting process of the whole
machine tool. The machining process simulation in this envi-
ronment can simultaneously display the solid models such
as tools, workpieces, fixtures and machine tools, so that the
whole machining system can carry out dynamic simulation in
accordance with the kinematic chain of NC machine tool.

In general, the machine tool library of UG software itself
comes with a lot of NC machine models (machining centers,
milling machines, lathes, etc.) that have been assembled and
debugged. However, in order to strengthen practical teaching
links and train the students’ practical ability, and focus on

helping students acquire CT skills in facts, concepts, princi-
ples and theories of relevant disciplines through individual
observation and experience, this study is not simple to allow
the students to call the machine model from the machine tool
library, but rather establish their own simulation model of NC
machine tool specified in reality. As a kind of new attempt
and challenge for students, it will enhance their learning
enthusiasm and innovative ability, and effectively provide
opportunities for students to show their expected disposition.

2) VIRTUAL ASSEMBLY MODEL OF NC MACHINE TOOL
In engineering education, mathematics and modeling are
critical to developing and solving a physical problem [45].
The prerequisite for realizing virtual simulation of machine
tool is the geometric assembly model of machine tool. This
section focuses on training the students’ practical hands-on
mapping capabilities, 3D solid modeling and assembly skills.
And it emphasizes CT skills of observation, comparison,
classification and arrangement.

First of all, before the establishment of geometric assembly
model, students need to understand the structural and move-
ment characteristics of NC machine tools, and then effec-
tively divide the bed part, machine tool holder component,
X feed module, Z feed module and the spindle link of NC
machine tool. Secondly, students need to grasp the movement
path between the movement modules of the machine tool.
According to the principle of ‘‘the former stage of the motor
chain is assembled as the latter one’’ [46], the level and
position of the motion modules in the whole assembly tree
structure are gradually established. And until the students
finally complete the tree structure of the whole machine
tool assembly model, based on the bottom-up layer by layer
assembly principle [47]. Finally, students need to go to NC
machining site to collect the key dimensions of the moving
parts of NC machine tools, and complete the parametric
entity modeling of all components of NC machine tools in
the three-dimensional modeling module of UG software, and
then directly import them into the assembly module of UG
software until the entire geometric assembly model of NC
machine tool is completed. The geometric assembly model
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FIGURE 3. The geometric assembly model of NC turning center.

of NC turning center used for students’ practical mapping is
shown in Figure 3.

3) VIRTUAL MOTION MODEL OF NC MACHINE TOOL
The motion model of NC machine tool is based on the
geometric assembly model of machine tool, which is used
to describe the movement of machine tool. This research
will guide the students to import the assembly model of NC
turning center into the processing module of UG software.
This part of work mainly involves specifying the moving
parts of NC machine tool in the machine tool builder, deter-
mining the relationship between mutual movement position,
and setting the travel range and moving direction of each
moving axis, as well as the connection point of the machine
tool. In this part, only when students fully grasp the motion
mechanism and specific operating parameters of the actual
NC machine tools, can they accurately set and define the
simulationmotionmodel of NCmachine tool, whichwill help
students have a certain degree of information literacy, with
basic information searching, processing and communicating
skills.

Taking NC turning center in the engineering training lab
as an example, the primary task of students is to consult the
relevant information and operation manual of NC machine
tool. Through in-depth understanding of the general situation,
performance parameters and operation process of the whole
machine tool, the students could find out two main kinematic
chains of NC turning center, and then define all levels of sub
components of the motion model of NC machine tool, and
further, through interdependent motion relationship of NC
machine tool, carry out continuous discovery and meaning
construction, strive to explore the deep-seated connotation,
and finally complete motion model of machine tool, as shown
in Figure 4. In this way, we focus on cultivating students’
deep understanding of key concepts and strengthening their
thinking skills in dealing with complex tasks.

The obvious effect of this part of teaching activities is that
in order to be able to complete the entire NC machining
simulation system, students will pursue a sense of achieve-
ment, and then generate a positive CT tendency, so as to
take the initiative to understand the actual situation of NC
machine tools studied and carry out large-scale reference and
mining of the relevant data of NC machine tools. At the same

FIGURE 4. A schematic diagram of the motion model of NC turning
center.

time, before using CT skills, they will maintain a kind of
unremitting power in the process of interpretation, analysis
and reasoning, and then achieve the synchronous learning
of the combination of theory and practice, so that individual
emotional tendency and subjective initiative can be integrated
into the cultivation of CT. After completing the establishment
of the whole motion model of NC machine tool, the students
will have a deeper understanding of NC machine tool, which
will be ready for the follow-up practical learning activities.

4) VIRTUAL DATABASE OF NC MACHINE TOOL
The successful completion of the motion model of NC
machine tool led to the next phase of setting up the model
database of NC machine tools. In this section, all the models
of NCmachine tools should be stored in the external database
of the system. In order to ensure that the follow-up operation
could successfully call NCmachining simulation system, stu-
dents should first grasp the file structure of model database,
and be familiar with the setting mode of machine tool’s name,
type, structure form, NC system, control mode and other
information in the database with the help of file code, as well
as the storage location of related post-processing files. Then,
students need to put the machine part files, motion model
files, geometric assembly model files and virtual controller
files created by themselves into the machine model directory
in the database in the right way and path. The course design
of this part takes full account of the way of processing knowl-
edge to stimulate students’ learning motivation and enable
them to acquire meaningful specialized knowledge.

5) VIRTUAL CONTROLLER OF NC MACHINE TOOL
Generally, NC machine tool adopts digital control system to
realize the movement and positioning control of the motion
axis of NC machine tool and automatic tool changer. In the
virtual environment, in order to simulate the real digital
controller of NC machine tool, it is necessary to control
the virtual motion axis of NC machine tool through the
virtual controller of NC machine tool, and finally to realize
the machining simulation. In this section, the students first
use the virtual controller of NC machine tool to generate
the motion control program and the simulation controller,
and process all the behaviors and characteristics of NC
machine tool, and then automatically generate the driving
files, and further convert the preprocessed tool path into
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the corresponding control command. Next, the students call
the corresponding S&V command to control the Boolean
operation of each assembly part of the virtual machine tool,
and simulate various motion tracks of the virtual machine
tool, so as to realize the simulation of the actual processing
status on the computer screen.

Virtual controller of NC machine tool is a key part of
NC machining simulation system, and it is also a difficult
point in the teaching process of the course. If this part of the
teaching content is separated and explained to the students in
the traditional teaching mode, students may have difficulty in
mastering them due to the wide range, strong logicality and
complex relevance of the teaching content. However, when
NC machining simulation system is regarded as innovative
engineering training program, students will consider and use
the existing experience and knowledge in combination with
CT, and further expand and modify these existing experience
and knowledge according to the exploration, analysis and
reasoning of new tasks, so that they will feel that the pre-
viously learned knowledge is no longer isolated and boring,
so as to achieve mastery through a comprehensive study of
the subject.

In addition, after completing most of the work in NC
machining simulation system, for the sake of integrity, sense
of mission and sense of achievement, student will sponta-
neously choose to face the difficulties, and stimulate strong
learning interest and initiative for the rest of the last part of
the learning content, until they finally build their own NC
machining simulation system. What’s more, if the students
could successfully complete the assigned NC programming
and processing tasks by themselves, it will further stimulate
their self-confidence and enthusiasm for learningNC courses,
and give full play to their inherent potential, so as to achieve
the purpose of cultivating students’ hard study and innovation
spirit.

B. STRATEGY FOR THE INTEGRATION OF THE PROPOSED
TEACHING METHOD WITH CT
Here, the strategy to cope up with the integrated learning
technique to promote the development of CT is discussed.
While designing and outlining the strategies for the new
learning experience of the learners’ CT, the influence of the
virtual simulation system teaching method is highly kept in
mind. This is because with the help of the virtual simulation
system teaching method, we can better integrate CT into the
teaching process of specific subjects, and the learners get
more opportunities involved in the teaching process and pay
more attention to the technical details of the subject matter.

To achieve the intentions, the teaching strategies based
on the virtual simulation technology are designed in a way
that focuses on the student-centered learning methodologies
instead of the teacher-centered methods. This is because the
traditional teacher-centered teaching techniques are consid-
ered obsolete in today’s world for the sophisticated learning,
especially for engineering students with strong logical think-
ing requirements, which suppresses the students’ creative

thoughts [48]. Moreover, it has been observed over the past
few years that the student-centered virtual simulation learning
environment allows the students for more active interpre-
tation, analysis, evaluation, inference, explanation and self-
regulation, and helps us to keep all the learners involved in
the content. The resulting interactive learning module will
also impose more responsibility on students for their own
learning than the traditional lecture-based passive learning
methodology [49], [50]. This tends to create a cooperative
learning atmosphere for students, so that in the process of
sharing knowledge and experience, the students can enhance
their thinking openness, self-confidence and systematic abil-
ity through assessment and self-regulation. All in all, it will
reflect a certain stimulative effect on the subtle cultivation of
the learners’ CT ability.

C. IMPLEMENTATION OF THE DESIGNED STRATEGY
This article will combine case-based instruction to carry out
the execution of the designed strategy. The students are usu-
ally required to select the representative parts in the turning
process as the machining objects, and then carry on the
simulation case analysis of the turning process. In this way,
students can participate in the design and implementation
of the experiment process, and further practice CT skills
in actual cases, so as to better grasp the teaching content,
comprehend the key points of knowledge, effectively achieve
the teaching target, and obtain better teaching results.

NC machining course is designed to ensure cognitive
development in the learners. It focuses on encouraging them
to work in groups and work out their embryonic teamwork.
The course was divided into three phases, namely (a) the
simulation preparation phase, (b) tool path simulation phase
and (c) integrated simulation phase, as shown in Table 1. The
students are given the opportunity to participate in the practi-
cal experience in the field of NC machining. At each phase,
the complete descriptive teaching activity for the students
was accomplished and the student-centered lecture planning
is majorly focused.

As is mainly used in the previous NC teaching, the tool
path simulation is only limited to the relative motion simu-
lation between the cutting tool and the workpiece, as shown
in Figure 5. In order to get a better simulation effect in accor-
dance with the actual machining situation, it is necessary to
extend the simulation of the whole NC machining process
system, as shown in Figure 6.

The advantages of the integrated simulation is to observe
the cutting process dynamically and intuitively, and simulate
the actual machining situation of NC machine tool. Students
can get feedback from the simulation environment, and then
acquire the procedural knowledge, make learning plans and
test learning overcomes within the framework of the above
operating experience. If students encounter new problems,
they will carry out orderly thinking analysis and process
evaluation, and further clarify the research ideas and elaborate
the technical routes, and finally complete the whole NC
machining simulation process.
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TABLE 1. Implementation methodology of the virtual simulation system teaching method.

FIGURE 5. Tool path simulation of the typical part in NC turning centre.

CT is a purposeful and rational process of intellec-
tual planning, including problem-solving, logical deduc-
tion, possibility calculation and decision-making [51], [52].
Coincidentally, the case analysis of the integrated simulation
processing of NC machine tool and the subsequent thinking
evaluation process just meet the above characteristics. It not
only helps to train the students’ cognitive ability, thinking
strategy and thinking skills, enable students to grasp NC
machining technology intuitively, but also facilitates to cul-
tivate their CT tendencies such as inquiry, questioning and
clarification, so as to effectively judge the continuity and
rationality of the tool path movement. In this way, students

FIGURE 6. Comprehensive simulation of the whole NC machining
process system.

can further deepen their understanding of NC machining
technology in the virtual simulation learning environment.
What is more, it also has contributed to the improvement and
cultivation of students’ comprehensive ability.

IV. MATERIALS AND METHODS
A. CCTDI (CALIFORNIA CRITICAL THINKING
DISPOSITION INVENTORY)
This study adopts the CCTDI to conduct pre-test and post-
test on the subjects. CCTDI is a set of tests designed for CT
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TABLE 2. Total score statistics of students’ CT dispositions based on the pretest and posttest.

dispositions, published by the American Philosophical Soci-
ety in 1990 [53]. It is a comparatively mature and widely used
tool for testing CT emotion and attitude, which is suitable for
college students, graduate students and adult professionals.
Nearly ten years of research have shown that CCTDI has good
reliability and validity. CCTDI totally has 75 items, being
divided into 7 subscales to test the seven characteristics of
CT respectively, which are truth seeking (T subscale), open-
mindedness (O subscale), analytical ability (A subscale),
systematic ability (S subscale), intellectual curiosity (I sub-
scale), self-confidence (C subscale), cognitive maturity (M
subscale). CCTDI adopts the Likert scale which ranges from
‘‘totally agree’’ to ‘‘totally disagree’’, and the negative items
are assigned as ‘‘1, 2, 3, 4, 5, 6’’ while the positive items are in
opposite direction. Each characteristic has 10 items, scoring
at 10 to 60. The minimum recognition score of each charac-
teristic who has the corresponding CT ability is 40. A score
greater than 50 points indicates a strong corresponding CT
ability. A total score lower than 280 indicates a weaker CT
dispositions; between 280 and 350 indicates a neutral CT dis-
positions; no less than 350 a strong CT dispositions.

In this study, 63 copies of CCTDI measuring scale were
issued, of which 63 copies were recovered and 3 invalid
copies were excluded. That is to say, there are 60 copies
valid, and the effective percentage is 95.23%. In addition,
the Cronbach’s reliability coefficient of the scale is 0.872,
which means this study is of great reliability.

B. CORRELATION QUESTIONNAIRE
In this study, the investigation on the correlation between
virtual simulation system teaching model and the develop-
ment of CT adopts questionnaire surveys on the correlation
of elements in asynchronous interactive activity. The teaching
design framework refers to CT practice model designed by
Garrison et al, based on the deviation degree of the vir-
tual simulation system teaching activities and CT, and lays
emphasis on promoting the development of CT tendency
[54]. Therefore, in the survey of influence degree on CT in
the implementing process of the virtual simulation system
teaching method, we choose the relevant factors that affect
the development of CT tendency, that is, six independent vari-
ables, including learning style, learning resources, learning
situations, teacher guidance, problem guidance, evaluation
and reflection, and each of them has five levels of evaluation,
including very great impact, great impact, general impact,
very little impact, no impact at all. Likewise, these evaluations

were done after having excluded 3 copies of invalid question-
naire, retaining 60 copies valid.

C. OBJECT OF STUDY
In this study, the objects are junior students who major in
NC machining in the engineering college of the author’s
university, and the empirical study on the virtual simulation
system teaching activities promoting the development of CT
dispositions were experimented on those 63 college students.
The investigation is carried out in twoways. One is to send the
questionnaire to the subject via the network communication
software such as QQ, and the second is to issue and fill in the
field questionnaire to the class in which the subject is located.

D. DATA ANALYSIS
The data of CCTDI and the correlation questionnaire were
counted and analyzed by SPSS20.0. Through the comparative
analysis of the data changes of a CT disposition in college
students, it is verified that the virtual simulation system teach-
ing method could promote the development of the students’
CT ability. Descriptive statistics were employed to figure out
the overall situation of CT dispositions on subject before and
after test, and the paired sample t-test was used to analyze
whether there is a significant difference between subjects on
CT, before and after the virtual simulation system teaching
activities. To analyze questionnaire on the influence of basic
elements of design framework on CT dispositions, multiple
linear regression model was adopted.

V. RESULTS AND DISCUSSION
A. TOTAL SCALE ANALYSIS OF STUDENTS’ CRITICAL
THINKING DISPOSITION BASED ON THE PRETEST
AND POSTTEST
The research adopts one-group pretest-posttest design to infer
the learning performance from the pre-education and posttest
results. The frequency of the total score in 280-350 of the
pretest and posttest was 40% and 78%, respectively. The
coefficient of skewness of the pretest and posttest was 0.153
and −0.207, respectively. The Kolmogorov-Smirnova statis-
tical data of the total score of the pretest and posttest was
0.075 and 0.083 respectively, and the significance probability
values were all p = 0.200 > 0.05, indicating that the total
scores of the pretest and posttest were observed in a normal
distribution. As shown in Table 2, the highest score of stu-
dents in the pretest effective data was 319 points, the lowest
score was 237 points; the highest score of students in the
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TABLE 3. The paired sample test.

TABLE 4. Subscale statistics of students’ CT dispositions based on the pretest and posttest.

posttest effective data was 371 points, the lowest score was
315 points; The mean values of the pretest and posttest were
279.6 and 341.5, indicating that the overall level of the stu-
dents had a certain improvement and the majority of the test
levels were in the neutral range.

In Table 3, the paired sample test results show that the
parameter p is less than 0.05, which means to reject the
null hypothesis of the paired t-test, indicating that there were
significant differences between the total scores of the pretest
and posttest, and the mean value of the posttest is higher
than the pretest mean. It is demonstrated that the virtual
simulation system teaching method has a positive effect on
the development of students’ CT dispositions.

B. SUNSCALE ANALYSIS OF STUDENTS’ CRITICAL
THINKING DISPOSITION BASED ON THE PRETEST
AND POSTTEST
As shown in Table 4, the mean values of 5 scales,
including truth seeking, open-mindedness, systematic ability,
self-confidence and intellectual curiosity, had increased by
more than 8 points, and the promotion effect of the cognitive
maturity was not too obvious. The frequency of the subscale
over 50 points in the posttest process, which involves the
open-mindedness, truth seeking, intellectual curiosity and
self-confidence, had increased.

The paired sample t-test results of 7 subscales of CT
dispositions in the pretest and posttest process (Table 5)
showed that for truth seeking (T1-T2), t = −11.873,
p = 0.000146 < 0.05; for open-mindedness (O1-O2),
t = −15.746, p = 0.002 < 0.05; for analytical ability (A1-
A2), t = −7.831, p = 0.007 < 0.05; for systematic ability
(S1-S2), t=−9.532, p= 0.00029< 0.05; for self-confidence
(C1-C2), t = −10.083, p = 0.000034 < 0.05, for intellectual
curiosity (I1-I2), t=−8.388, p= 0.034< 0.05. The statistics
of t-test are significant, which indicates that all the subscales
have correlation, and the virtual simulation system teaching
method has a certain influence on the various dimensions
of CT dispositions. The comprehensive mean values of truth
seeking, open-mindedness, systematic ability, analytical abil-
ity, self-confidence and intellectual curiosity in two tests are
significantly different, which indicates that learners’ promo-
tion in six dimensions of CT dispositions is more obvious.

C. CORRELATION BETWEEN VIRTUAL SIMULATION
SYSTEM TEACHING ACTIVITIES AND CRITICAL
THINKING DISPOSITION
Multiple linear regression (stepwise) analysis shows that
six variables of virtual simulation system teaching method
include the learning style, learning resources, learning situ-
ations, teacher guidance, problem guidance, evaluation and
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TABLE 5. Subscale statistics of the paired sample test.

TABLE 6. Regression analysis of related variables and CT dispositions.

reflection, which are more significant in the design frame-
work, as shown in Table 6. All of these prove that all variables
of virtual simulation system teaching method predict that the
correlation between the posttest score and CT dispositions is
higher. Through the practical learning in the virtual simula-
tion environment, the students generally think that the virtual
simulation system teaching method has a strong influence on
their CT ability.

D. IMPLICATIONS OF THE RESEARCH RESULTS
On the basis of previous research, this article constructs a
framework for learning activities of the virtual simulation
system teaching method, which aims at cultivating students’
CT ability, and validates the effectiveness of the learning
framework through data analysis.

First, the difference between the pretest and posttest ver-
ified the validity of the learning framework in promoting
the development of the students’ CT. From the results of
the empirical analysis, the overall mean of the students’ CT
ability has been improved, and they are moving towards the
neutral and stronger areas. At the same time, the improvement
effect of the analytical ability and system capability in the
subscale is more significant, and the number of people who

have an open mind and a strong desire for knowledge have
increased, which shows that the learning framework of the
virtual simulation system teachingmethod has a certain effect
on the cultivation of students’ CT.

Second, the students’ externalized interaction activities in
teaching process are related to their internalized thinking
activities. Considering that the correlation between the learn-
ing style and learning situations of the virtual simulation
system teaching method and CT development is relatively
higher, therefore, how to set up effective teaching situations
and teaching styles in the implementing process of the vir-
tual simulation system teaching method has been proved to
be the key link to improve the students’ CT ability. In the
process of designing the virtual simulation system teaching
activities, we should attach importance to the role of teaching
situation and teaching style, and promote the improvement of
each tendency dimension of CT by using a variety of virtual
simulation interaction activities.

E. COMPLIANCE WITH ETHICAL STANDARDS
The authors declare that they have no conflict of inter-
est. Informed consent was obtained from all individ-
ual participants included in the study. All procedures
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performed in studies involving human participants were
in accordance with the ethical standards of the institu-
tional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards.

VI. CONCLUSION
It is a significant task for higher education to promote
the development of creative thinking ability of college stu-
dents, and cultivate innovative talents with creative con-
sciousness, spirit and ability, which needs effective measures
taken by colleges and universities. The task of teaching in
higher education is not only to let students master the sub-
ject knowledge, but also to enable students to understand
their own thinking content, so that they could be familiar
with their own thinking mode and then learn to control
their thinking process. To explore the training mode and
approach of innovative talents, it urgently needs the theoreti-
cal and empirical research on the core elements of innovative
talents-CT.

This article proposes ways to understand and study Chi-
nese students not previously considered in CT literature.
It applies the virtual simulation system teaching method in
NC teaching, through the secondary development technology
of the software UG completely, to let the students learn
to establish their own NC machining simulation system,
which can combine the complex knowledge points involved
in NC machining, and presents them to the students in a
simple, quick and easy way. Meanwhile, it also exposes
the students to CT principles and skills implicitly, through
immersing themselves in thought-provoking subject mat-
ters. The combination of theoretical inquiry and empirical
research shows that the virtual simulation system teaching
method has obvious improvement on the cultivation of the
students’ CT. It helps students to enhance their learning
interest and have a wider range of knowledge, so as to mas-
ter NC professional knowledge in depth and improve their
comprehensive innovation ability. Moreover, it is empha-
sized for the engineering students to enhance practical abil-
ity while learning the theoretical knowledge. Fortunately,
the open and innovative virtual learning environment pro-
vided by virtual simulation system is favorable to achieve this
teaching goal.

Although the virtual simulation system teaching method
proposed in this article has shown great advantages in the
actual teaching process, it can not completely replace the
practical training in reality. Because the students are not per-
sonally involved in the hands-on operation training, it affects
the students’ practical operation skills. The effective CT
teaching strategies should expose the students to authentic or
situated problems and examples in NCmachining. Therefore,
the future research direction of this article would focus on
how to combine virtual simulation with practical training to
realize their complementary advantages, aiming to explore an
appropriate way of promoting the students’ all-round devel-
opment.
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