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Introduction: Three-dimensional (3D) printing technology has revolutionized the treatment of bone defects. However, medical
education has lagged in integrating 3D printing into clinical training, limiting its widespread adoption. This study aimed to promote the
dissemination of 3D printing technology through a novel, targeted teaching method.

Methods: First, we implemented a bibliometrics aiming to identify core research forces and potential breakthrough directions. Then,
from January 2022 to January 2025, a prospective cohort of 278 trainees (102 residents and 176 fellows) at a single center participated
in a structured six-stage educational program encompassing: (1) foundational 3D printing knowledge, (2) video-assisted learning, (3)
hands-on practice with 3D printed anatomical models, (4) virtual reality (VR)-based surgical simulation, (5) multidisciplinary
treatment (MDT) discussions, and (6) supervised surgical operations. Teaching effectiveness was evaluated using pre- and post-
training theoretical exams, operational assessments, and comprehensive self-evaluation questionnaires.

Results: Through the bibliometrics, 3D printing technology has been maintaining a high level of research hotspot, but the targeted
education is still vacant. For the teaching study, both resident and fellowship doctors demonstrated statistically significant improvements
in theoretical knowledge scores, rising from 14.3 to 32.7 in residents and from 19.1 to 33.3 in fellows (P < 0.001). Residents exhibited
a greater magnitude of improvement compared to fellows. Operational metrics showed significant reductions in completion time and
intraoperative blood loss (P < 0.001), alongside a marked increase in the proportion of “excellent” or “good” procedural quality ratings.
Comprehensive ability assessment revealed significant gains across all evaluated domains (P < 0.001), except for self-study ability, which
remained stable The total self-evaluation scores improved from 19.5 to 30.1 for residents and from 20.9 to 33.6 for fellows.
Conclusion: This targeted, multimodal teaching method significantly enhances theoretical understanding, operative proficiency, and
clinical competence in the use of 3D printing technology for bone defect repair.
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Introduction

During the past ten years, 3D printing technology has been widely acknowledged and implemented to repair bone defects
in clinical practice."? It can achieve anatomical shape matching and stable stress conduction, compensating for the
shortcomings of traditional bone defect repair methods. However, medical education focusing on the use of 3D printing
technology to repair bone defects lags behind. On the one hand, the slow pace of textbook updates makes it difficult for
medical students to learn sufficient relevant knowledge in the classroom. On the other hand, in regions with uneven
distribution of medical technology and resources, resident physicians also find it difficult to encounter 3D printing

technology in clinical practice.
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In recent years, the field of medical education has undergone continuous reform and innovation, particularly in teaching
methods. Simulation-based learning (SBL), flipped classrooms (FC), problem-based learning (PBL), team-based learning
(TBL), case-based learning (CBL), bridge-in, objective, pre-assessment, participatory learning, post-assessment, and sum-
mary (BOPPPS) all have effectiveness in improving learning quality and efficiency for medical students.>* However, there
are currently no specific teaching methods for promoting the clinical application of 3D printing technology, which cannot
meet the actual demand for the rapid clinical promotion and popularisation of 3D printing technology.

The application of 3D-printed models enhances the quality of teaching in orthopedic clinical settings. Rodrigues et al created
the 3D models of nonunion fractures and found these models could represent the different manifestations that characterize this
disease incur a low cost, and could be used for teaching such subjects as anatomy and surgery.” More researchers have explored
the integration of 3D printing technology with other teaching models. Wang et al integrated 3D printing and case-based learning
in orthopedic residency education for geriatric hip fracture management. They indicated that this teaching method could enhance
training effectiveness and learner satisfaction in geriatric hip fracture education, supporting its adoption in standardized
orthopedic residency programs.® Ali et al combined the BOPPPS (bridge-in, objective, preassessment, participatory learning,
post assessment, summary) teaching model and 3D printing technology to address the spatial and practical challenges of
orthopedic training. Through a comparative study, they found that integrating the BOPPPS teaching model with 3D printing
technology enhanced theoretical knowledge, clinical skills, self-perceived competence, and student satisfaction in orthopedic
education.” Virtual reality (VR) technology also plays a significant role in improving the quality of orthopedic education. Coxe
et al included twenty-three studies across six subspecialty areas to synthesize contemporary data assessing the efficacy of VR
simulation in orthopedic surgical training. They demonstrated that trainees performed better in the VR simulation groups when
compared to control education modalities, and participants readily embraced VR.® Some researchers have also combined 3D
printing technology with virtual reality technology for orthopedic education. Akgun et al assessed the effectiveness and safety of
VR simulations for education of posterior spinal instrumentation, which was proved to be a promising solution for surgical
education, particularly for junior residents, for improving the understanding of spinal instrumentation.” Wang et al evaluated the
pedagogical value of integrating 3D-printed model with mixed reality technology in clinical orthopaedic surgery education. They
concluded that this integrated method could boosted student performance, learning efficiency, and overall teaching quality,
demonstrating strong potential for wider application.'® However, current researches lack specific innovations in teaching
methodologies for the disease of bone defect. The “six-in-one” targeted teaching method we propose represents a significant
innovation and reform direction.

In our institution, 3D printing technology has been effectively applied in the repair of long bone and vertebral
defects.'""'? In the process of clinical practice, we have established a targeted teaching method specifically for using 3D
printing technology to repair bone defects. This targeted method included basic knowledge learning of 3D printing
technology, video-assisted learning, 3D printed samples operation, VR-based surgery simulation, multi-disciplinary
treatment (MDT), and actual surgical operation. This targeted teaching method specifically designed for 3D printing
technology is reported for the first time in the literature.

With regard to the study design, we first analyzed the hot topics in medical education research based on bibliometrics
and knowledge graph visualization. By constructing keyword clusters, and high-impact citation networks, we aimed to
identify core research forces and potential breakthrough directions. Then, we summarized and compared the prospective
teaching outcomes of resident physicians and fellowship physicians using the targeted teaching method. The study
findings can provide valuable references for the clinical promotion teaching of other innovative technologies, such as
robotic-assisted surgery, new-type biodegradable implants, and wearable devices.

Materials and Methods

Bibliometrics Analysis

We utilized the Web of Science database as the data source, the time span of literature search ranged from 2009 to 2025.
The search query was constructed as: TS= ((3D printing OR three-dimensional printing OR additive manufacturing)
AND (combined teaching OR targeted teaching OR hybrid teaching OR blended learning OR PBL OR CBL OR EBL OR
Sandwich teaching OR case-based learning OR problem-based learning)). The inclusion criteria of literature included: (1)
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original research; (2) review (3) meta-analyses (4) case report (5) brief communications. The exclusion criteria of
literature included: (1) non-peer reviewed materials (eg, preprints, conference abstracts, book chapters); (2) retracted
publications; (3) non-English publications to ensure consistency in data processing. Extracted bibliometric parameters
included: article title, publication year, citation frequency, source journal, publication type, keywords, and reference lists.

The extracted data were imported into CiteSpace (version 6.3. R1 Advanced Edition), Microsoft Excel, RStudio (version
4.4.2). CiteSpace, a pivotal analytical tool, employs visualized bibliometric methods to reveal latent insights within scientific
literature. It generates scientific knowledge maps to intuitively illustrate the structure and distribution of scientific knowledge.

CEINT3 29 <.

We used the graphs of “map of keywords occurrence” “the clustering of keywords” “time dynamic evolution of keywords”

“the top 15 keywords with the strongest citation bursts” to reflect the trends and hotspots related to our study.

Trainee Enrollment

This prospective study was initiated in January 2022 and was completed by January 2025. The anticipative included
trainee was 166 according to the sample power calculation via statistical analysis. Actually, during the three years, we
taught 278 trainees to use 3D printing technology to repair bone defects via the targeted teaching method. The trainees
were divided into two groups, including 102 resident doctors and 176 fellowship doctors. The average age of the trainees
in resident-doctor and fellowship-doctor groups was 26.8 and 42.8 years old, respectively. This study has been ethically
approved by the Medical Science Research Ethics Committee of Peking University Third Hospital (No. M2018174).

“Six-in-One” Targeted Teaching Method
The “six-in-one” targeted teaching method specifically established for teaching 3D printing technology included the
following six stages:

1. Stage 1, basic knowledge learning of 3D printing technology. Trainees need to grasp the development history,
operation technique, current clinical application status, and future directions via reading related books and
literature. This stage of teaching combines offline classroom teaching with online network teaching, twice
a month, each session lasting 90 minutes.

2. Stage 2, video-assisted learning. We recorded some videos about the production process of 3D printed samples and
the clinical application process of 3D printed samples for trainee learning. The instructor provides detailed
explanations of the video content, twice a month, each session lasting 45 minutes.

3. Stage 3, 3D printed samples operation (Figure 1). The 3D printed samples included guide plate, bone molds, and
anatomical-shaped prostheses. Trainees can use these samples to perform in-vitro osteotomy, prosthesis implant-
ing, and internal fixation. Twice a month, each session lasting 45 minutes.

4. Stage 4, VR-based surgery simulation (Figure 2). Through medical-engineering interaction platform, trainees are able
to simulate the process of prosthesis implanting and design appropriate fixation modes for diverse 3D printed
prostheses. In the detailed operation procedure, three-dimensional CT scans of the skeleton were imported into
Materialise Mimics Innovation Suite 21.0 software in DICOM data format for three-dimensional reconstruction. The
bone segmentation module was used to identify normal bone and bone defect areas. Osteotomy guide design was
performed using Materialise 3-matic 17.0, combined with 3D-printed prostheses and screw models to match the internal
fixation pattern. After prosthesis implantation and internal fixation, we used the HyperMesh 14.0 software (Altair,
Michigan, USA) and FEBio 3.7 software to finish the finite element analysis, in order to evaluate the feasibility and
rationality for the established plan for bone defect repair. Twice a month, each session lasting 90 minutes.

5. Stage 5, multi-disciplinary treatment (MDT). Common causes of bone defects include tumors, infections, non-
union, and deformities. We have established specialized MDT teams to address bone defects caused by different
factors. Trainees lead each case-based MDT, deepening their understanding of the disease through condition
analysis, differential diagnosis, and treatment plan formulation. Once a month, each session lasting 90 minutes.

6. Stage 6, actual surgical operation. Under the guidance of experienced specialists, trainees personally performed the
3D-printed prosthesis implantation and internal fixation to complete bone defect reconstruction. The patients were
informed the whole study and the details of the surgical procedure and the personnel involved.
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Figure | Teaching tools: (A) 3D printed osteotomy guide plate; (B) 3D printed resin molds and 3D printed titanium alloy prostheses for tibia and humerus; (C) 3D printed
resin molds and 3D printed titanium alloy prostheses for spine.
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Figure 2 Simulation of surgical modeling and operation: (A) the implantation and internal fixation for using 3D printed prosthesis to repair a femoral defect; (B) the
implantation and internal fixation for using 3D printed prosthesis to repair a lumbar defect; (C) finite element analysis.

Assessment of Teaching Effect
We assessed the teaching effect by comparing the performance of the trainees from the same group before and after
teaching. Assessment content include:

Theoretical Knowledge Assessment

Conducted in the form of a written examination. There are 25 multiple-choice questions, each worth 2 points, for a total
of 50 points. The content covers basic concepts of 3D printing technology and diseases, case analysis, clinical diagnosis,
disease classification, treatment decisions, etc.

Operation Assessment

We assessed the operation ability for osteotomy, 3D-printed prosthesis implantation, and internal fixation. The assess-
ment indicators included completion time, completion quality, and blood loss volume. The completion quality was
classified into three grades: excellent, good, and poor. The operative metrics were collected during live surgery. The
amount of bleeding and the duration of the surgery were recorded by the anesthesiologist. The quality of the surgical
operation was evaluated by the chief surgeon within the surgical team.
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Comprehensive Ability Assessment
Trainees were asked to complete the questionnaire survey about their self-evaluation and satisfaction at the end of the

1'* and Oderinu et al.'"* The questionnaire with

teaching course. The questionnaire was modified and adopted by Zhao et a
ten self-evaluation items involving clinical thinking ability, learning initiative, self-study ability, basic knowledge
mastery, anatomical knowledge mastery, confidence in learning, ability to analyze and solve problems, comprehension
of the knowledge, help to clinical thinking. Students graded the aspects based on a 5-point Likert scale, where each item

was scored from 1 to 5 points, respectively.

Statistical Analysis

SPSS 22.0 software was used to complete the statistical analysis. The measurement data were expressed as X+ SD. Data
were assessed by independent sample #-test. The categorical data were analyzed by the chi-square test. P <0.05 was
considered statistically significant.

Results

The keyword co-occurrence network (Figure 3A) identified high-frequency and high-centrality keywords, including 3D
printing, additive manufacturing, medical education, education, augmented reality, and so on. Cluster analysis grouped
keywords into 10 thematic clusters (Figure 3B), such as #0 3D printing, #1 additive manufacturing, #2 engineering
education, #3 information technology, #4 three-dimensional displays, #5 3D imaging techniques. Timeline visualization
(Figure 3C) showed thematic clusters shifts: 3d printing and additive manufacturing dominated from 2015 to 2025 with
the longest time span; #6 surgical simulation, #7 primate brain, #8 multispecies architecture, and #9 design education
gradually emerged during the past five years. Burst detection (Figure 3D) highlighted emerging keywords like “surgery”,

CEINT3

“models”, “technology” and “virtual reality” “maching learning” (2009-2025), signaling current and future research

directions.
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Figure 3 Visualization graphs of bibliometrics analysis: (A) map of keywords occurrence; (B) the clustering of keywords; (C) time dynamic evolution of keywords; (D) top
15 keywords with the strongest citation bursts.
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In the aspect of theoretical knowledge assessment, the scores of doctors from both groups significantly improved (P < 0.001),
from mean 14.3 to 32.7 in resident-doctor group and from mean 19.1 to 33.3 in fellowship-doctor group (Tables 1 and 2). The
initial mean score of resident doctors was lower than those fellowship doctors, and resident doctors achieved a higher increase.

Table | Evaluation of the Teaching Effectiveness of Resident Doctors

Items Before Teaching | After Teaching i P

Theoretical knowledge 14.3 + 4.4 327 56 —25.649 | < 0.001
Completion time (mins) 56.1 £9.8 475 £ 5.7 7.617 < 0.001
Completion quality (excellent/good/poor) | 0/10/92 30/63/9 204.0 < 0.001
Blood loss volume (mL) 1504 + 29.2 102.2 + 139 14.963 < 0.001
Clinical thinking ability 1.5+05 3.1 £07 —18.002 | < 0.00I
Learning initiative 24+08 4.1 £ 0.6 —17.569 | <0.001
Self-study ability 38+07 3709 0.645 0.520

Basic knowledge mastery 2.1 £07 38+05 —-19.392 | <0.001
Anatomical knowledge mastery 1.9 +£0.7 35+05 —17.370 | <0.001
Confidence in learning 1.9+0.8 3207 —11.278 | <0.001
Ability to analyze and solve problems 1.8 +0.6 33+£05 —18.327 | < 0.001
Comprehension of the knowledge 1.6 £0.5 29 £07 —15.516 | <0.001
Help to clinical thinking 23+07 33+07 —11.393 | <0.00I
Total scores 19.5+22 30.1 £ 1.9 —35.686 | < 0.001

Table 2 Evaluation of the Teaching Effectiveness of Fellowship Doctors

Items Before Teaching | After Teaching ti? P

Theoretical knowledge 19.1 +7.8 333£56 —19.545 | < 0.001
Completion time (mins) 569 £ 99 448 + 7.4 13.003 < 0.001
Completion quality (excellent/good/poor) | 0/55/121 76/91/9 352.0 < 0.001
Blood loss volume (mL) 146 + 28.6 100.3 + 135 19.166 | <0.00l
Clinical thinking ability 1.8 +£0.7 34107 —20.809 | < 0.001
Learning initiative 23+08 42 + 0.6 —24.227 | <0.001
Self-study ability 37+07 38+09 —0.434 | 0.665

Basic knowledge mastery 24 %07 4.1 £0.7 —20.927 | < 0.001
Anatomical knowledge mastery 2.1 £07 38+07 —21.297 | <0.001
Confidence in learning 2.1 +.0.8 35+08 —15.928 | < 0.001
Ability to analyze and solve problems 2.1 £09 38+08 —17.985 | <0.001
Comprehension of the knowledge 1.9 £ 0.6 34+08 —-19.572 | <0.001
Help to clinical thinking 23 %06 37+09 —16.225 | < 0.001
Total scores 209 +£23 33.6 £3.3 —41.652 | < 0.001
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In the aspect of operation assessment, the completion time and blood loss volume of doctors from both groups significantly
decreased (P <0.001) (Tables 1 and 2). Besides, the completion quality also significantly improved (P <0.001). After targeted
teaching, the total excellent and good rate of operation of resident and fellowship doctors were 91.2% and 91.9%, respectively.

In the aspect of comprehensive ability assessment, the scores of clinical thinking ability, learning initiative, basic
knowledge mastery, anatomical knowledge mastery, confidence in learning, ability to analyze and solve problems, compre-
hension of the knowledge, and help to clinical thinking for doctors from both groups significantly improved (P < 0.001)
(Tables 1 and 2). The score of self-study ability both remained relatively stable (P > 0.05). For the total score of the 9 items of
comprehensive ability assessment, doctor from both groups achieved significant improvement (P <0.001), from mean 19.5 to
30.1 in resident-doctor group and from mean 20.9 to 33.6 in fellowship-doctor group.

Discussion

According to the results of bibliometric analysis, 3D printing technology has maintained a high level of research hotspot
over the past decade. But researchers have commonly used 3D printing technology as an auxiliary tool in medical
education without conducting targeted education on 3D printing technology itself. To our knowledge, this is the first
educational study specially on the application and promotion of 3D printing technology in the treatment of bone defects.

In this study, towards resident and fellowship doctors, we conducted a structured, six-stage curriculum combining
education, digital media, simulation-based learning, MDT engagement, and hands-on surgical experience. This highly-
targeted teaching method conforms with the concept of precision medicine teaching. In 2023, Triola MM and Burk-Rafel
J put forward the framework of precision medicine teaching,'” they emphasized that the necessity to develop targeted
new skills needed by learners. Furthermore, Drake et al demonstrated that the implementation of precision education
strategy could fill residents’ experiential gaps and complement strengths with targeted educational interventions.'® The
findings of this study further provided robust evidence to support the implementation of targeted teaching method in
medical education, particularly in high-tech and interdisciplinary domains such as 3D printing.

In terms of theoretical knowledge acquisition, both resident and fellowship doctors exhibited statistically significant
improvements (P < 0.001). Although the fellowship group began with a higher baseline score, resident doctors achieved
a greater magnitude of improvement, indicating that the targeted teaching method is especially effective for early-career
learners in theoretical knowledge education. This is consistent with previous studies showing that early immersion in
clinical simulation and technical content accelerates knowledge acquisition in junior learners.'”'® Medical education has
been drastically changing for both resident and fellowship doctors.'® These two types of doctors have different knowl-
edge foundations and training needs, requiring us to tailor our teaching methods precisely. We adopt a combination of
online and offline methods when teaching theoretical knowledge, offering flexibility and reinforcement through repetition
and accessibility to both levels of doctors.

Operational assessment results further confirmed the effectiveness of the targeted teaching method. There was
a significant reduction in both completion time and intraoperative blood loss (P < 0.001), indicating improved procedural
efficiency and safety. Furthermore, the total “excellent and good” operation quality rate exceeded 91% in both groups
after training, which strongly supports the model’s capacity to enhance technical proficiency. Prior research has shown
that simulation-based training, particularly with patient-specific 3D printed models, enhances surgical precision and
reduces intraoperative complications.’*?' As recommended by Quek et al,>* educators must recognize that there is no
“one-size-fits-all” approach, and a flexible multimodal strategy is necessary to meet diverse learning needs. We combined
the digital simulation with actual operation for two-level educational purposes, achieving a unified goal to improve their
operational skills.

The comprehensive ability assessment revealed significant improvement across a range of critical competencies,
including clinical thinking, learning initiative, anatomical and basic knowledge mastery, confidence, and problem-solving
ability (P < 0.001). Interestingly, self-study ability did not show significant change (P > 0.05), likely because the
structured format provided consistent external guidance, thus limiting opportunities for independent exploration. As
required by Accreditation Council for Graduate Medical Education, the self-study is a useful way to assess program
strengths and weaknesses in the context of current environmental and institutional factors, and helps develop an effective
framework for improvements geared at achieving program aims and taking the program to the next level. Nevertheless,
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the overall scores increased from 19.5 to 30.1 in the resident group and from 20.9 to 33.6 in the fellowship group, further
affirming the educational value of this targeted method. These findings echo the importance of multimodal training
strategies in enhancing both technical and cognitive domains of surgical education.?*>

Our teaching model stands out by integrating core knowledge, video learning, hands-on 3D model manipulation, VR-
based simulation, MDT discussion, and supervised surgical practice—forming a coherent, progressive framework. This
aligns with principles of competency-based medical education (CBME), which emphasizes measurable skill development
and integration of learning modalities.***” Kj et al*® used a similar teaching method with simulation based learning on
knowledge and skills among medical students undergoing, they demonstrated that this targeted teaching method could
improve both immediate clinical performance and long-term skill retention significantly.

As 3D printing becomes an integral tool in orthopedic and reconstructive surgery, it is imperative that medical education
systems adapt accordingly. The strength of this targeted teaching method lies in its holistic design. Educationally, the results
support broader implementation of targeted curricula for surgical trainees, especially in emerging technological domains.
Traditional lecture-based models may fall short in conveying the complexity of interdisciplinary, patient-specific innovations.
In contrast, the targeted teaching method presented here supports not only knowledge acquisition but also the development of
practical and cognitive skills essential for safe, effective clinical application. Besides, our “six-in-one” teaching method,
developed specifically for bone defect disease, has rarely been reported in previous research and remains unparalleled in the
field of orthopedic education, demonstrating significant innovation and pioneering value.

Despite these strengths, the study still has some limitations that should be acknowledged. First, as a single-center study,
the size of enrolled doctors was relatively small, which may limit the generalizability of the findings to broader populations.
Second, the absence of a control group prevents direct comparison with traditional teaching methods, making it difficult to
fully evaluate the specific effectiveness of the targeted teaching approach. Future multicenter studies with larger participant
cohorts and randomized controlled designs would help address these limitations and provide more robust evidence.

Conclusion

In summary, the targeted teaching method markedly improved trainee performance across theoretical, surgical, and
innovative domains. It offers a scalable and adaptable educational model to support the wider dissemination of 3D
printing applications in orthopedic surgery. As such technologies become increasingly embedded in clinical workflows,
equipping trainees with the necessary competencies through structured and immersive training is essential for future
surgical innovation.
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