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ARTICLE INFO ABSTRACT
Keywords: In K-12 STEM education, engineering design is emphasized, as demonstrated by the bridge-design
Bridge-design course project. Due to the iterative nature of engineering design, engineering practice is frequently

Engineering design
Project-based learning
Reverse engineering pedagogy
STEM education

complicated and requires pedagogical guidance. As an emerging pedagogy in STEM education,
REP (Reverse Engineering Pedagogy) is showing, but not enough, some benefits in several cases.
This paper aims to explore the effects of REP in a bridge-design course. A comparison experiment,
REP versus PBL (Project-Based Learning), was conducted by randomly forming two groups of
fourth-grade students from a primary school in China. Results indicated that REP was more ad-
vantageous than PBL in terms of decreasing students’ cognitive load, boosting their scientific
knowledge level and engineering design skills. However, REP and PBL have the same effect on the
students’ learning attitude and engagement. The key findings, possible reasons, and suggestions
for practice are also discussed.

1. Introduction

In an era of rising global challenges, STEM (Science, Technology, Engineering, and Mathematics) education has taken on the crucial
mission of nurturing integrated talents [1-4]. A gamut of studies had evidenced that STEM education could strengthen students’ skills
required in the 21st century, involving problem-solving skills, collaborative abilities, critical thinking, creativity, etc [5-8]. Due to its
enormous educational potentials, STEM education has been widely accepted as a global priority in schooling [9,10].

From a research and curricular standpoint, however, the dearth of a unified focus anchoring greater integration of the four STEM
disciplines raises concerns [11-13]. Given the natural property to tie math and science together by addressing authentic problems,
engineering has been recognized as the integrative glue in STEM implementation [14-16]. A prominent illustration of this is the
integration of “science and engineering practices”, “disciplinary core ideas”, and “crosscutting concepts” within the Next Generation
Science Standards (NGSS). These elements serve as performance expectations, defining what K-12 students should demonstrate to meet
the standards [17].

Generally, engineering practice enables students to effectively address open-ended problems [18]. Based on this, a civil engineering
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curriculum that focused primarily on the design and construction of buildings, bridges, and roads was established [19]. Among them,
bridge design is favored by K-12 STEM education owing to its relative simplicity. In the bridge design process, students need to
identify, comprehend, and apply the fundamental STEM concepts and principles to translate their designs into products [20]. Still,
engineering practice is frequently complicated [21-23]. Due to the iterative nature of engineering design, students should be
encouraged to repeatedly explore all aspects of the design process to optimize the solution or product until the design criteria are met
[24]. Especially for students without prior knowledge, it is more difficult to fully consider, analyze and predict the feasibility of so-
lutions within the limited class time [25,26].

Effective pedagogies are needed to guide students’ engineering design performance. It is noteworthy that project-based learning
(PBL) has been progressively introduced in STEM education in recent years. Whereas, PBL requires students to start from scratch until
the entire project is completed, which necessitates both a strong student foundation and long teaching period [27]. In this context,
reverse engineering pedagogy (REP) has initially shown its potential in STEM education, which allows students to start with a
completed product/work, and then rebuild or optimize it, ultimately reaching the level of micro-innovation [28]. As a core component,
product dissection could promote students’ concept comprehension and contribute greatly to enhancing their design competency [29,
30].

However, existing research has largely concentrated on the engineering courses in higher education, with little emphasis dedicated
to the effects of REP in K-12 STEM education. For instance, the University of Missouri-Rolla endeavored to incorporate REP into
traditional computer science courses. The results showed that 77 % of the students reported that REP reinforced the concepts covered
in lectures, while 82 % expressed expectations in its integration into other courses, particularly those involving design [31]. Besides,
Younis and Tutunji [32] described the experience of Philadelphia University in integrating REP into the engineering curriculum,
including course objectives, methodology, content and evaluation. Moreover, third-year students from both Pennsylvania State
University and Missouri University of Science and Technology undertook a coffee pot redesign project, which proved that product
dissection could enhance product functionality and stimulate students’ creativity [30]. Given the crucial role of initial education in
fostering students’ knowledge and skills for future learning and employment [33], it is vital to adopt REP in K-12 STEM education and
verify its effects. Furthermore, there has been limited comparison between REP and PBL. Therefore, this paper aims to explore the
effects of REP versus PBL in elementary STEM education by taking bridge-design project as an example.

2. Literature review
2.1. Bridge design in education

Bridge design has long been a favored instructional project that applies to various construction materials and techniques [34,35].
According to English and King [36], the design of bridge prototypes involves the application of STEM concepts. In science, for instance,
students may grasp forces such as tension and compression, as well as how various bridge designs sustain a load, etc. For engineering
and technology, students could recognize basic bridge types (e.g., beam, arch) and structures (e.g., trusses, beams, cross-bracing), etc.
Meanwhile, students can apply distinct mathematical skills (e.g., spatial reasoning, estimation and measurement skills) to process
various 2-D and 3-D shapes. Besides, Guzey, Moore, and Roehrig [19] and Hemming [37] stated that bridge activities may enhance
students’ problem-solving and cooperative skills, as well as reducing their anxiety in STEM disciplines. Consequently, bridge design is
generally considered as an effective means of implementing STEM education [19,38].

Currently, there are two primary pathways for conducting bridge-design activities: competition and project-based learning (PBL).
The former is designed to construct bridges in a gamified manner. For instance, through a competition-based experiment labeled
“Design and Manufacture of Wooden Bridge”. Barris, Torres, and Simon [39] observed that bridge-design competitions not only
enhance students’ mastery of certain disciplines such as the frame structure and material qualities of the bridge, but also boost their
interdisciplinary knowledge. Differently, Hemming [37] further argued that bridge-design competitions are overly focused on forming
physical performance rather than developing students’ scientific thinking. Gradually, PBL was employed in paper bridge projects to
develop students’ 21st century skills (e.g., critical thinking, creative thinking, collaboration, communication, social skills, and lead-
ership, etc.) [38]. In this regard, Zhao [40] concurred that instructors may regulate the instructional process in terms of time, cost, and
quality while applying PBL in bridge-design activities. Conversely, Colliver [41] concluded that PBL was ineffective in boosting
short-term learning, despite Norman and Schmidt [42] demonstrating that it could enhanced long-term learning. Similarly, Dochy,
Segers, Bossche van den, and Gijbels [43] revealed that PBL had favorable effects on enhancing skills rather than knowledge.
Moreover, Lin [44] stated that when incorporating PBL into a bridge-design course, student engagement was typically inadequate
owing to the unclear division of labor. Based on this, a growing body of research has embraced competition as a PBL strategy for
bridge-design project to facilitate students’ engagement [38]. Nevertheless, the limited competition cycle is not effective in developing
students’ knowledge and skills in the PBL process.

To sum up, bridge-design projects are extensively employed in primary and secondary education nowadays, which have distinct
advantage in cultivating students’ practical skills. However, the current pedagogy has significant flaws as well.

2.2. Reverse engineering in education
The term “Reverse Engineering (RE)” derives from hardware analysis which refers to decipher a design from a finished product

[45], which is based on the premise that a complex hardware system can be characterized as a hierarchical structure [46]. RE was first
born in World War II and contributed immensely in the construction of military equipment such as airplanes and tanks. Nowadays, RE
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is progressively acknowledged as a viable means to shorten the product R&D cycle as a result of fierce market competition [47]. There
is no general definition for RE to date, as each scholar defines it depending on their own research field. For instance, Chikofsky and
Cross [45] defined RE as “the process of analyzing a subject system to identify the system’s components and their interconnections, and
to create representations of a system in another form at a higher level of abstraction”. Abella, Daschbach, and McNichols [48]
described RE as “the basic concept of producing a part based on an original or physical model without utilizing engineering drawing”.
Huang [49] considered RE is a redesign process that maximizes the usage of current design principles and key technologies.

In the late 20th century, RE was formally introduced into education, which sparked the focus of a variety of scholars. For instance, a
10-step REP proposed by Otto and Wood [50] has been widely utilized in higher education. According to related research, the 10-step
REP could effectively meet the demands of students with diverse learning styles, but the operation time and iteration design should be
improved [23,51]. Besides, another representative REP is the “disassembly-analysis-assembly” (DAA) model developed by Ogot and
Kremer [52], which has been extensively researched in dissection activities [30,53]. Generally, DAA activities may be categorized
based on two dimensions: teachers’ guidance degree and students’ engineering expertise. Through the intersection of the two di-
mensions, four learning activities could be distinguished: exposing, inspiring, investigating, and discovering. Furthermore, anchoring
two different STEM orientations (i.e., product development and scientific inquiry), Zhong et al. [54] divided REP into two categories (i.
e., recovery and reconstruction), as showed in Fig. 1. The REP adopted in this study was also proposed, which is a five-step decon-
structive recovery experiment: experience and analysis; decomposition and restoration; redesign and micro-innovation; prototyping or
re-engineering; evaluation and reflection.

The application of REP has substantially risen in recent years. Substantial studies have confirmed that REP could (1) expedite the
product development process [21,49], (2) promote students’ learning motivation [55], (3) enhance students’ creativity, hands-on
ability and communication skills [28,30], and reduce the difficulty of engineering design [50]. For instance, according to Gran-
tham et al. [30], students who engaged in dissection prior to the redesign exhibited higher creativity and better product functionality
than those who did not. Similarly, Akerdad, Aboutajeddine and Elmajdoubi [56] demonstrates that the integration of REP and en-
gineering education can provide students with a more effective engineering design process. Besides, Otto and Wood [50] found that
REP could decrease the difficulty of subsequent engineering design (i.e., a key element affecting cognitive load) by exposing students to
the full operational process early. Another study from Okudan and Mohammed [57] observed that students held favorable attitudes
towards dissection, particularly with regards to its impact on redesign. Moreover, Elizalde et al. [58] claimed that collaborative REP
has a positive effect on students’ ability to synthesize knowledge via experiment assembly. Meanwhile, a separate study conducted by
the Zhong and Li [59] revealed that collaborative learning was not always superior to individual learning in REP in terms of trou-
bleshooting, which implies other factors should be further investigated. Another study conducted by the Zhong, Kang and Zhan [28]
obtained no significant difference in learning attitude towards the course between REP and FFP (i.e., Forward Project Pedagogy).

Generally, existing research evidenced that REP holds certain educational potential. Compared to traditional PBL, it not only
minimizes learning time, but also requires less skills from students. However, REP in K-12 STEM education is less practiced. Especially,
whether incorporating REP into bridge-design projects can improve students’ learning performance remains to be explored.

3. Research questions

Effective pedagogy should dedicate to reduce students’ external cognitive load while enhancing their interests, expertise, and skills
[60]. Considering the positive correlation between learning interest, attitude and immersion [28], this study will explore the effect of
REP on pupils in a bridge-design course in the following aspects: cognitive load, learning attitude, learning engagement, scientific
knowledge level and engineering design skills. Accordingly, five research questions will be answered in this paper.

. Can REP decrease students’ cognitive load?

. Can REP improve students’ learning attitude?

. Can REP improve students’ learning engagement?

. Can REP enhance students’ scientific knowledge level?
. Can REP develop students’ engineering design skills?
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Fig. 1. Classification framework of REP.
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The research hypotheses are stated as follows.

. REP could decrease students’ cognitive load.

. REP could improve students’ learning attitude.

. REP could improve students’ learning engagement.

. REP could enhance students’ scientific knowledge level.
. REP could develop students’ engineering design skills.

U b WwN =

4. Research design
4.1. Participants

Given the spatial limitations of the experiment and the potential difficulties associated with bridge construction for younger
students (grades 1-3), this study selected a sample of 32 fourth-grade pupils from a prestigious public elementary school in
Guangzhou, China. All students were enrolled voluntarily and free. Neither the engineering nor STEM courses had been taken by these
students previously. Learning attitude survey and prior knowledge quiz were implemented before the experiment, and the results
revealed that there was no significant difference between the two classes.

During the experiment, 32 students were randomly divided into two classes. Sample information is shown in Table 1. Different
learning models were applied in the two classes to develop a bridge-design course: the control class studied via PBL, while the
experimental class studied via REP. Both classes collaborated in pairs to design and construct a paper bridge with optimal load bearing
capacity.

4.2. Procedure

The experiment lasted for 2 days in all. The experiment duration of each class was one day with 8 h. Except for the difference in
pedagogy, the experimental class and the control class have identical instructional material, instructors, and teaching assistants.

In the 1st hour, all students participated in a prior knowledge quiz and a learning attitude survey. Besides, students paired up freely
and acquired knowledge and principles related to bridge.

From the 2nd to the 6th hour, students were required to design, build, and optimize their own paper bridges. The experimental
classes employed REP that adhered to the following instructional steps, including (1) experience and analysis: students experience the
bridge and analyze its characteristics; (2) decomposition and restoration: students decompose the bridge and observe its structure; (3)
redesign and micro-innovation: students achieve “micro-innovation” by adding or subtracting certain elements of the bridge; (4)
prototyping or re-engineering: students analyze the flaws of existing bridges and reconstruct the bridges based on actual needs; and (5)
evaluation and reflection: students summarize and evaluate the reconstructed bridge and procedure.

The control class adopted PBL, which followed the instructional steps specified by Zhong et al. [54], including (1) requirements
analysis and problem definition: students define the goals of bridge construction based on actual needs; (2) design alternative solu-
tions: students design multiple bridge construction solutions based on their goals; (3) design solution in detail: students select and
refine the optimal solution through comprehensive evaluation; (4) implementation and testing: students construct a bridge based on
their design solution and (5) presentation and evaluation: students share and present their bridges for evaluation.

In the 7th hour, students were required to report and share their paper bridges from the dimensions of scientificity, originality,
aesthetic degree, economic efficiency, and stability.

In the 8th hour, scientific knowledge quiz, learning attitude survey, learning engagement survey, cognitive load measurement, and
load bearing test of paper bridge were conducted. The detailed schedule is shown in Table 2.

4.3. Materials

Two sorts of teaching materials were covered in this study.

Experiment tools. Several tools were employed in the experiment, including: papers, glue, wooden sticks, cotton thread, scissors,
electronic weight scales, weights, etc. Electronic weight scales and weights were primarily used for load bearing test, while other tools
were utilized in the construction of paper bridges.

Handbook for bridge design. To monitor students’ scientific inquiry process, PBL handbook (see Fig. 2) and REP handbook (see
Fig. 3) were developed to assist students with designing, constructing and optimizing their paper bridges. These handbooks were
distributed prior to each class session and collected after each class session. The instructor would remind those pupils whose

Table 1

Sample characteristics.
Class Learning model Class size Boys Girls Age
Control class PBL 16 11 5 9-10
Experimental class REP 16 10 6 9-10
Total - 32 21 11 -




B. Zhong et al. Heliyon 10 (2024) e24278

Table 2
Schedule of the experiment.
Class hour Contents
Ist Prior knowledge quiz, learning attitude survey
Learn the related basic knowledge and consider the factors affecting the load bearing of bridges
2nd Learn scientific inquiry process and conduct scientific inquiry experiments
3-4th Design the paper bridge scheme and sketch the paper bridge
5-6th Construct, optimize and improve the paper bridge, carry on the load bearing test
7th Share, reflect and evaluate the paper bridge
8th Posterior knowledge quiz, learning attitude survey, learning engagement survey, cognitive load measurement, load bearing test of paper bridge

Explore the factors that affect the bearing capacity
of paper bridge The experimental scheme

Exploring the influencing factors of bridge bearing is helpful for us to f/
build bridge with a stronger bearing capacity. This experiment takes |
the maximum bearing capacity as the goal, thinking about what
factors need to be considered during the structure design of paper
bridge. Please choose the appropriate tools to carry out the
scientific experiment according to the requirements and the
materials given in the toolbox. ‘

1. Raise a question | T, Y 7 771 77% o

The number of bridge piers will affect the bearing capacity of ‘ - | o I
the bridge \ F

1+ Load-bearing test and modification
2. Make assumptions .

The 5|_'naller the span of the pier, the stronger the bearing ' Number Bearing The weight Existing Improvement
capacity. the weight  of paper problems measures
bridge
) 90g Low
First 2 :
s 300_3 aesthetics
3. Design experiments R o Red th
20 91 Low eciceng
Please design the experiment according to the material package Second g U(]j 9 aesthetics number of piers
provided. R T e
Materials Whether to choose Usage and Dosage Third 41":09 979 Low
z : aesthetics
A4 paper 4 Elosy 1 oty
Fourth e, 100 Low
straw "‘—\:i\_ d aesthetics
cotton ‘/
Note: There are only four test opportunities.
I 5 i ’
g L4 5.Demonstrate the hypothesis and arrive at a conclusion.
other v The number of piers can affect the bearing capacity.

Fig. 2. Handbook for PBL.

handbooks were incomplete.

4.4. Measures

An experimental design was employed to examine the effects of REP and PBL on students’ learning performance (see Fig. 4). In this
study, students’ learning performance was assessed from learning process (i.e., cognitive load, learning attitude, and learning
engagement) and learning outcome (i.e., scientific knowledge level and engineering design skills). The instruments for the pretest and
posttest are shown in Table 3. The load bearing test of paper bridge, evaluation criteria for paper bridge and experimental worksheet
were utilized to represent students’ engineering design skills. All students completed the pretest and posttest individually.

Cognitive load measurement. Research has indicated that task types could affect cognitive development. For instance, complex
tasks comprise a large quantity of interacting information pieces, resulting in a high working memory load, also known as intrinsic
cognitive load [60]. The bridge-design project includes several challenging procedures such as engineering design and construction.
Thus, it is vital to assess the cognitive load required by pupils to complete a paper bridge project. A 9-point, two-question scale ranging
from 1 ("extremely low effort/difficulty") to 9 ("extremely high effort/difficulty") was used to estimate students’ mental effort and
perceived difficulty in completing the project [61]. This subjective measure of cognitive load has been proved to be valid and reliable
by various studies [64,65].

Learning attitude survey. Attitude is one of the most crucial indicators of students’ learning status. A modified five-point Likert-
scale from Bishop-Clark, Courte, and Howard [62] was applied to assess students’ confidence, enjoyment, and value towards the paper
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Fig. 4. Overview of the experimental design.

bridge course. The survey is delineated in Electronic Supplemental Materials. All students completed the same survey before and after
the experiment. Their reliability coefficients of this study were all higher than 0.75.

Learning engagement survey. Learning engagement refers to the extent to which students are involved in the learning process [66].
Similar to the learning attitude survey, a five-point Likert-scale derived from Fredricks et al. [63] was employed. Engagement is
primarily manifested in three dimensions: behavioral, emotional and cognitive immersion. The questions used for each dimension are
delineated in Electronic Supplemental Materials.

Prior/Posterior knowledge quiz. The Prior/Posterior knowledge quiz aimed to examine students’ scientific knowledge level. It
consists of 15 questions from six dimensions: bridge fundamentals, state change, gravity, bending capacity, tool usage, and structural
stability. For instance, what three parts make up a bridge? Which of the following structures is not stable? The authors conducted a
pretest and posttest on students’ scientific knowledge level respectively.

Load bearing test of paper bridge. Each group was given four opportunities to test the load bearing of their paper bridges. After
each load bearing test, students were required to record the results on the load bearing test table and modify their paper bridges (see
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Table 3
Instruments for data collections.
Instrument Construct Source Cronbach’s alpha
Cognitive load measurement (Posttest) Mental effort (1 question) Paas [61] -
Task difficulty (1 question)
Learning attitude survey (Pretest & Posttest) Confidence (5 questions) Bishop-Clark et al. [62] .84
Enjoyment (5 questions) Zhong and Li [59]
Value (5 questions)
Learning engagement survey (Posttest) Behavioral (5 questions) Fredricks et al. [63] .88

Emotional (5 questions)
Cognitive (4 questions)

Prior/Posterior knowledge quiz (Pretest & Posttest) See text description Self-developed -
Load bearing test of paper bridge (Posttest) See the 4th part in Figs. 2 and 3 Self-developed -
Evaluation criteria for experimental worksheet (Posttest) See text description Self-developed -
Evaluation criteria for paper bridge (Posttest) See text description Self-developed -

the 4th part in Figs. 2 and 3). The actual scenario of the load bearing test is shown in Fig. 5.
Evaluation criteria for paper bridge. To completely evaluate students’ learning outcomes, the authors designed the evaluation
criteria for paper bridge in five dimensions: scientificity, originality, aesthetic degree, economic efficiency, and stability.
Evaluation criteria for experimental worksheet. To evaluate students’ engineering design skills from a process perspective, the
authors quantified the content of the completed worksheets (see Figs. 2 and 3) through pre-designed evaluation criteria, involving four
dimensions: integrity, standardness, novelty, and consistency.

4.5. Research ethics

The work described here was approved by the ethical committees of South China Normal University. In accordance with SCNU
regulations, all students were given informed consent as part of their registration into the course, which was cosigned by their parents.

5. Results
In order to address the research questions presented in Section 3, Mann-Whitney U tests were administrated to identify differences.
For the dimensions showing a significant difference (p < 0.05), Cohens’ d will be used to evaluate the magnitude of the difference. A ‘d’

value falling within the range of 0.2-0.5 signifies a small effect size, while a ‘d’ value between 0.5 and 0.8 denotes a medium effect size.
A ‘d’ value exceeding 0.8 indicates a large effect size.

5.1. Cognitive load

Table 4 demonstrated that there was a significant difference in cognitive load between REP and PBL (p < 0.01, d = 1.315 > 0.8).
Besides, REP group (M = 11.34) perceived less cognitive load than PBL group (M = 21.66). Therefore, Hypothesis 1 was valid.

5.2. Learning attitude towards the course

As shown in Table 5, there was no significant difference in students’ learning attitudes between REP and PBL (p > 0.05). Therefore,

== y’,..J"':g i |
ety ru

Fig. 5. Load bearing test of paper bridges.
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Table 4
Difference in cognitive load between PBL and REP.
Experimental variable Group N Mean Mann-Whitney U Z P Cohen’d
Cognitive load REP 16 11.34 45.500 —3.130 .002%* 1.315
PBL 16 21.66

Note: **p < 0.01.
Hypothesis 2 was invalid.

5.3. Learning engagement in the course

A comparison of students’ learning engagement (see Table 6) indicated that there was no significant difference between REP and
PBL (p > 0.05). Therefore, Hypothesis 3 was invalid.

5.4. Scientific knowledge level

Table 7 showed that there was a significant difference between REP and PBL (p < 0.05, d = 1.068 > 0.8) in scientific knowledge
level. Besides, in terms of the mean, REP group (M = 20.72) had significantly higher scientific knowledge level than PBL group (M =
12.28). Therefore, Hypothesis 4 was valid.

5.5. Engineering design skills

Students’ engineering design skills were compared in three dimensions: load bearing of paper bridge, evaluation of paper bridge
and experimental worksheet. To ensure the validity of the evaluation of paper bridge and experimental worksheet, the instructor and
five teaching assistants were selected as evaluators based on the same criteria. The final scores were determined by averaging the
ratings provided by the three raters with the highest Kendall’s harmony coefficient. The results showed that both the paper bridge
scores (W = 0.602, p < 0.05) and the worksheet scores (W = 0.887, p < 0.01) had strong consistency.

Load bearing of paper bridges. Table 8 showed that there was no significant difference between REP and PBL in load bearing of
paper bridges (p > 0.05). To visually compare the load bearing of the paper bridges in both classes, a box diagram (see Fig. 6) was
presented to illustrate the superior load bearing of the paper bridges in the REP group.

Difference in paper bridges. As shown in Table 8, the paper bridge between REP and PBL did not differ significantly (p > 0.05),
however, the originality subdimension differed significantly (p < 0.05, d = 1.175 > 0.8). Besides, in terms of the mean, the originality
of paper bridges in REP group (M = 6.06) was lower than that in PBL group (M = 10.94).

Difference in experimental worksheets. Table 8 indicated that there was a significant difference between REP and PBL in
experimental worksheets (p < 0.01, d = 2.530 > 0.8). Besides, all sub-dimensions of experimental worksheets in REP were higher than
those in PBL based on the mean value.

Overall, there were significant differences between REP and PBL in terms of engineering design skills (p < 0.01,d =1.591 > 0.8). In
terms of mean, REP (M = 11.69) was superior to PBL (M = 5.31). Therefore, Hypothesis 5 was valid.

6. Discussions
6.1. REP outperforms PBL in decreasing students’ cognitive load

Consistent with prior studies, our study found that REP was beneficial in decreasing students’ cognitive load. Accordingly, the
benefits of REP in bridge-design course are further validated. This result may be explained in two sides of the coin.

From one side of the coin, this might lie on scaffolding, which is vital in the problem-solving process to decrease students’ cognitive
load [64,67]. Scaffolding in our study pointed to the existing paper bridges. Specifically, students in REP could gain early exposure in
fully operational and functional processes by experiencing, analyzing, disassembling, assembling, and redesigning existing paper

Table 5
Difference in learning attitude between PBL and REP.
Experimental variable Group N Mean Mann-Whitney U Z P
Confidence REP 16 17.06 119.000 —.341 .733
PBL 16 15.94
Enjoyment REP 16 17.56 111.000 —.644 .519
PBL 16 15.44
Value REP 16 18.69 93.000 -1.328 .184
PBL 16 14.31
Total REP 16 17.91 105.500 —.850 .395
PBL 16 15.09
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Table 6
Difference in learning engagement between PBL and REP.
Experimental variable Group N Mean Mann-Whitney U Z P
Behavioral immersion REP 16 18.00 104.000 —.912 .362
PBL 16 15.00
Emotional immersion REP 16 18.44 97.000 -1.178 .239
PBL 16 14.56
Cognitive immersion REP 16 18.41 97.500 —1.161 .245
PBL 16 14.59
Total REP 16 18.41 97.500 ~1.153 249
PBL 16 14.59
Table 7
Difference in scientific knowledge level between PBL and REP.
Experimental variable Group N Mean Mann-Whitney U Z P Cohen’d
Scientific knowledge level REP. 16 20.72 60.500 —2.555 .011* 1.068
PBL 16 12.28

Note: *p < 0.05.

Table 8
Difference in engineering design skills between PBL and REP.
Experimental variable Sub-dimensions Group N Mean Mann-Whitney U Z P Cohen’d
Load bearing - REP 8 9.88 21.000 —-1.158 .279 -
PBL 8 7.13
Paper bridge Scientificity REP 8 9.75 22.000 —1.061 .289 -
PBL 8 7.25
Originality REP 8 6.06 12.500 —2.063 .039* 1.175
PBL 8 10.94
Aesthetics degree REP 8 8.31 30.500 —.162 .871 -
PBL 8 8.69
Economic efficiency REP 8 7.25 22.000 —1.057 .290 -
PBL 8 9.75
Stability REP 8 9.31 25.500 —.688 491 -
PBL 8 7.69
Total REP 8 8.44 31.500 —.053 .958 -
PBL 8 8.56
Experimental worksheet Integrity REP 8 12.25 2.000 -3.162 .002%* 2.713
PBL 8 4.75
Standardness REP 8 12.00 4.000 —2.956 .003** 2.146
PBL 8 5.00
Innovation REP 8 11.44 8.500 —2.479 .013* 1.488
PBL 8 5.56
Consistency REP 8 12.13 3.000 —3.068 .002** 2.045
PBL 8 4.88
Total REP 8 12.38 1.000 —3.258 .001** 2.530
PBL 8 4.63
Total - REP 8 11.69 6500 —2.688 .005%* 1.591
PBL 8 5.31

Note: *p < 0.05, **p < 0.01.

bridges [68].

From another side, this may be related to the collaborative learning advocated in REP [53]. Just as Okudan and Mohammed [57]
concurred, design teams that contained dissection activities reported greater workload sharing and team satisfaction. Consequently,
the cognitive load of students in REP group was lower than that in PBL group.

6.2. No significant difference in students’ learning attitude and engagement between PBL and REP

Previous research has reported that REP-instructed students exhibit better attitude [57]. Whereas, in our study, there was no
statistically significant difference in students’ learning attitude and engagement between PBL and REP. This result may be explained in
two angles.

Firstly, since most students have no prior exposure to bridge-design projects, designing and constructing bridges is a high novelty
for them. Additionally, previous studies have indicated there is a positive correlation between interest and novelty [66,69]. Thus the
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Fig. 6. Comparison of paper bridges’ bearing results between REP and PBL.

result is not surprised since there is also a positive correlation between interest and attitude [28,69].

Secondly, the majority of students could complete the work with moderate effort, which contributed to their positive attitude and
confidence in the bridge-design project [70]. Especially, students are progressively immersed in the entire process from design to
construction. Thus, students in both REP and PBL groups would maintain their interest and engagement in the learning process.

6.3. REP outperforms PBL in improving students’ scientific knowledge level

With the inclusion of engineering in the Next Generation Science Standards, the conceptual and methodological links between
science and engineering are emphasized [71,72]. Our study noted that students’ scientific knowledge level in REP group were
considerably higher than those in PBL group. Perhaps this is because REP helps students continuously learn and apply related concepts
during the disassembly and assembly process [49,55,58]. Besides, REP also strengthen students’ conceptual understanding by
observation, experiencing, reflection, and questioning [28].

6.4. REP outperforms PBL in improving students’ engineering design skills

Echoing previous studies [30], our studies observed that students’ engineering design skills in REP group were clearly superior to
those in PBL group. Meanwhile, existing research also claimed that product disassembly delivered a wealth of ideas for product
redesign [73]. In REP groups, students may analyze design requirements more precisely and focused on micro-innovations consciously
[28]. However, our study found that paper bridges in REP did not differ substantially from those in PBL in scientificity, aesthetics
degree, economic efficiency and stability, and even fared poorly in terms of originality. Through classroom observation, REP students
are more concerned with the load bearing of paper bridges. Anchoring it, the students preferred analyzing the flaws of the existing
works to construct new paper bridges with higher load bearing. Particularly when students have witnessed the interior elements during
product disassembly, they may be limited to a single solution [30]. Accordingly, the students in REP group simply added or subtracted
elements from the existing paper bridges rather than remodeling them structurally. In this vein, students should be encouraged to
propose varied product-based solutions in their REP practice.

7. Conclusion and Implications

Given that previous research mainly emphasized the application of REP in higher education, this study introduces REP into K-12
STEM education to proactively equip students with essential skills for future study and employment. Taking bridge-design project as an
example, a quasi-experiment was adopted in this study to examine the effects of REP. The students’ performance was evaluated from
five aspects: cognitive load, learning attitude, learning engagement, scientific knowledge level, and engineering design skills.

We randomly selected two classes to conduct a two-day experiment. The experimental class adopted the REP, whereas the control
class adopted the PBL. Relevant information was collected through questionnaires and tasks. The results illustrated that REP is more
beneficial to decreasing students’ cognitive load, enhancing their scientific knowledge level and engineering design skills than PBL.
However, REP and PBL have the same effect on students’ learning attitude and engagement.

Notably, introducing REP into education entails more than simply shifting the RE process from the industrial to the educational
realm. Evidently, as an integral part of product-oriented learning, more emphasis should be placed on students’ creativity [30,74].
Therefore, teachers should not only encourage students to generate varied solutions, but also provide timely scaffolding for them. For
instance, certain rapid prototyping tools (e.g., 3D printing, laser cutting, etc.) may be employed in project development to expedite
structural transformation [28]. In addition, when utilizing REP, teachers should guide students to consider the initial design intent
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with empathy, which facilitates the identifying of its flaws and the completion of product redesign.
Limitations and future research

There are some limitations to this research.

First, the sample size was small and confined to primary school students, thus the conclusions may not be valid for middle school
students. To validate the probable difference, future research could be conducted with middle school and high school students.
Meanwhile, the effects of REP on engineering projects of varying difficulty in STEM fields can be explored.

Second, the experimental duration of this study was short. Future research should suitably prolong the experimental duration and
follow up students’ learning and even their career development for an extended period.

Third, considering the several results of this study were not significant, future research could employ more qualitative method-
ologies such as classroom observations and interviews to enhance the validity of the findings. More importantly, this type of qualitative
data enables us to explore the potential effects of REP on students’ cooperation and communication skills.
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