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Background: Traditional orthopedic teaching methods have inherent limitations in conveying complex three-dimensional anatomical
relationships essential for surgical planning and execution. Three-dimensional (3D) printing technology offers a potential solution to these
educational challenges, but systematic evaluation of its specific educational impact in orthopedic residency training remains limited.
Purpose: This study aimed to evaluate the educational efficacy of in-house 3D-printed patient-specific anatomical models in orthopedic
training through assessment of three core domains: anatomical comprehension, surgical planning proficiency, and clinical teaching utility.
Methods: In this analytical observational study, paper-based questionnaires were distributed to 145 orthopedic residents at Hubei
University of Medicine who participated in clinical teaching sessions using 3D-printed anatomical models between January 2025 and
March 2025. Participants rated their experiences on a 10-point Likert scale. Data were analyzed using descriptive statistics.
Results: The response rate was 81.4% (n=118). A majority (85.6%) of residents reported enhanced understanding of complex
anatomical structures. First-year residents demonstrated higher satisfaction (mean score 7.9) compared to more advanced trainees
(mean scores 7.3 and 6.9). Small group settings (4—6 participants) were preferred by 76.3% of respondents. Physical manipulation of
models received the highest educational value rating (mean score 8.1). Primary limitations included production time (45.8%), material
durability (38.6%), and limited model varieties (35.6%). Nearly half (43.2%) of residents requested more frequent practice sessions.
Conclusion: 3D-printed anatomical models significantly enhance orthopedic resident education, particularly for complex structures
and junior trainees. Small-group, instructor-guided implementation maximizes educational benefits. When strategically integrated into
existing curricula, in-house production enables widespread access across training levels with minimal resource constraints.
Keywords: 3D printing, orthopedic residency training, patient-specific anatomical models, educational assessment, tactile learning,

surgical planning

Introduction
Orthopedic surgical education faces unique challenges due to the inherently three-dimensional (3D) nature of musculoskeletal
pathology.' Traditional teaching methods—such as two-dimensional (2D) imaging, textbook illustrations, and occasional
cadaveric dissection—often fall short in conveying the complex spatial relationships essential for effective surgical planning
and execution.” These limitations become especially evident when teaching intricate fracture patterns, joint mechanics, and
surgical approaches, where a precise understanding of spatial anatomy directly impacts clinical outcomes.** Many residents
report difficulty in translating 2D knowledge into 3D surgical competence, resulting in a persistent gap between theoretical
understanding and practical skills—a gap that may ultimately affect patient care.’

A critical technological advance bridging this gap is the digital reconstruction of 3D anatomical models from standard 2D
imaging modalities, primarily via the process of image segmentation.® Medical image segmentation involves labeling each pixel

or voxel in a dataset according to anatomical and tissue boundaries, thus enabling creation of accurate 3D representations from
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stacks of 2D images such as CT or MRL’ Recent advances, including semi-automated and deep learning-based segmentation
methods, have significantly improved both the efficiency and accuracy of this process.® For example, convolutional neural
networks can now automatically segment complex joint anatomy from multi-sequence 3D MRI, producing highly detailed digital
models that are suitable for visualization, surgical simulation, and 3D printing.’

3D printing technology has emerged as a promising solution to the challenges in orthopedic education by enabling the
creation of patient-specific anatomical models (PAMs).'” The process begins with the reconstruction of digital 3D models
from conventional 2D medical images—such as CT scans—using segmentation techniques.'' These digital representations
are then transformed into highly accurate, tangible replicas of actual pathologies through 3D printing.'? Unlike traditional
educational tools, PAMs provide residents with a multisensory, hands-on learning experience that bridges the gap between
conceptual knowledge and practical skills, supplementing visual learning with essential tactile feedback.'® The multisensory
nature of 3D-printed models supplements visual learning with tactile feedback, an important consideration given the diverse
learning preferences among medical trainees.'* This interactive approach aligns with educational theory, which supports that
multimodal learning enhances knowledge retention and skill transfer—particularly in procedural specialties where spatial
understanding is critical.'> By enabling deeper comprehension of complex fracture patterns and joint mechanics, 3D printing
technology significantly enriches orthopedic education and advances operative training.

Within orthopedic curricula, the potential applications of 3D-printed models span multiple educational contexts. In case-
based discussions, these models can facilitate demonstration of fracture patterns and reduction techniques that are difficult to
visualize through imaging alone.'® During preoperative planning sessions, they provide platforms for collaborative problem-
solving between attending surgeons and residents, potentially enhancing resident participation in surgical decision-making.'’
Additionally, these models may improve communication with patients during informed consent processes, offering residents
valuable experience in explaining complex procedures to non-medical audiences.'® Despite these theoretical advantages,
systematic evaluation of educational outcomes associated with 3D-printed models in orthopedic training remains limited, with
most evidence derived from small-scale studies or anecdotal reports.'

Previous research has consistently reported high satisfaction rates with 3D-printed models across various surgical
specialties, confirming their value as educational tools.”” However, most studies have focused primarily on resident satisfac-
tion rather than objective measures of knowledge acquisition or skill development.?' Critical questions remain regarding
which specific orthopedic concepts benefit most from these models, how best to implement them within residency curricula,
and how perceptions or educational needs may differ across training levels.”* Additionally, large-scale adoption of 3D-printed
models is often limited by high costs and restricted access to printing facilities.”* These gaps in knowledge and implementation
hinder the evidence-based integration of 3D printing technology into orthopedic education, potentially limiting its full
educational impact.**

This study addresses critical gaps in orthopedic education research by evaluating the educational value of a low-cost,
in-house 3D printing initiative integrated into a structured teaching methodology for residents. Using a structured
questionnaire, we assess three core domains: enhancement of anatomical comprehension, improvement in surgical
planning proficiency, and practical utility in clinical teaching. By analyzing both subjective feedback and quantifiable
outcomes across different training levels and subspecialty areas, this study aims to establish evidence-based guidelines
for effectively incorporating 3D-printed models into surgical curricula. The findings offer practical, replicable insights for
residency programs seeking to optimize training with limited resources, while contributing meaningful evidence to the
evolving landscape of technological innovation in medical education.

Aim

The aim of this study was to evaluate the educational efficacy of in-house 3D-printed PAMs in orthopedic resident
training through structured questionnaire assessment focused on three core domains: enhancement of anatomical
comprehension and spatial reasoning; improvement in surgical planning proficiency and interdisciplinary collaboration;
and practical utility in clinical teaching contexts and skill development. By analyzing both subjective feedback and
quantifiable outcomes across training levels and subspecialty areas, this investigation sought to establish evidence-based
guidelines for effectively incorporating 3D-printed models into orthopedic surgical curricula.
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Materials and Methods
Study Design and Population

Paper-based questionnaires were distributed to 145 orthopedic residents at Hubei University of Medicine who participated in
clinical teaching sessions utilizing 3D-printed anatomical models. The questionnaire assessed their learning experience across
multiple dimensions: anatomical structure comprehension, surgical planning capabilities, and overall educational satisfaction.
Participants had a 2-month completion window, and reminders were sent to non-responders after 2 weeks. Completed
questionnaires were submitted to a designated collection box to maintain confidentiality. Questionnaire completion constituted
implied consent to participate.

3D Model Creation and Printing

Patient-specific 3D models were created from anonymized patient computed tomography (CT) scans, which were stored
in the standard DICOM format. The anatomical regions of interest were then isolated using a semi-automated segmenta-
tion process in Mimics software (Materialise, Leuven, Belgium), a commonly used commercial software package for
medical image processing. This process, performed by a trained technician, required approximately 2—4 hours per model.
Once segmentation was complete, the data were converted into a stereolithography (STL) file format, which is standard
for 3D printing applications. The physical models were then printed using a Fused Deposition Modeling (FDM) printer
with polylactic acid (PLA) material, a common and cost-effective approach for producing educational models. The
models were printed at a high resolution (eg, 12.5 um for the x/y axes) to ensure anatomical fidelity. The average printing
time was 8—12 hours, depending on the model’s size and complexity. The models selected for this study represented
a range of complex orthopedic cases commonly encountered in residency, including comminuted acetabular fractures,

severe spinal deformities, and complex tibial plateau fractures.

Educational Intervention

The teaching sessions were delivered in a structured format lasting 60—90 minutes. Each session involved a small group
of 4-6 residents and was led by an attending surgeon. The surgeon first demonstrated key anatomical features and
surgical principles using the model, which was followed by a period of supervised, hands-on practice by the residents.
This study was designed to evaluate this single, standardized teaching format and did not include a comparison to other

lecture forms, durations, or group sizes.

Questionnaire

The study utilized a 20-question survey to assess the educational value of 3D-printed models in clinical teaching and
their efficacy in resident training. The educational value section assessed improvements in understanding anatomical
structures, spatial relationships, and pathological changes. The training effectiveness section evaluated the models’ utility
in surgical approach comprehension, preoperative planning, and case-based learning. A 10-point Likert scale (1 = not
effective, 10 = highly effective) was used for all questions. The questionnaire included open-ended fields for qualitative
feedback. The survey underwent pilot testing with five senior residents to ensure clarity and relevance before distribution.
The full questionnaire is provided as Supplementary Figure 1.

Data Analysis

This study was designed as a descriptive observational survey to gather resident perceptions. As such, a formal a priori
power analysis to determine sample size was not performed. All data from the completed questionnaires were analyzed
using descriptive statistics in GraphPad Prism 8.0.2. Quantitative data from the 10-point Likert scale questions are
presented as means, while categorical data are presented as percentages. No inferential statistical models were used, as
the objective was to summarize and describe resident feedback rather than to test a specific hypothesis.
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Results

Participant Demographics and Participation

Of 145 distributed questionnaires to orthopedic residents participating in teaching sessions between January 2025 and
March 2025, 118 completed responses were received, for a response rate of 81.4%. The respondents included 42.4% first-
year residents (n=50), 37.3% second-year residents (n=44), and 20.3% third-year residents (n=24), as shown in Figure 1A.
The distribution of teaching session participation by sub-specialty is shown in Figure 1B, with trauma accounting for the
largest share (45.8%).

Perceived Educational Impact and Satisfaction

The educational impact of 3D-printed models was positive, with 85.6% of residents reporting enhanced understanding of
complex anatomical structures. The effectiveness of 3D models varied across different teaching aspects, with spinal deformity
corrections receiving a mean score of 7.7 and complex fracture patterns a score of 7.6 (Figure 2A). Interestingly, as shown in
Figure 2B, first-year residents reported higher satisfaction rates (mean score 7.9) compared to second-year (mean score 7.3)
and third-year residents (mean score 6.9), suggesting these models might be most beneficial during early surgical training.

Key Learning Outcomes and Limitations

Residents identified key educational advantages of 3D-printed models, with tactile manipulation receiving the highest
mean effectiveness score (8.1), followed by visualization of fracture patterns (7.9) and contributions to preoperative
planning (7.2), as detailed in Figure 3A. Figure 3B illustrates the percentage of positive responses for these learning
outcomes. The primary limitations reported by residents included the lengthy production process—encompassing both
model segmentation (2—4 hours) and printing time (8—12 hours)—as well as material durability (38.6%) and limited
model varieties (35.6%) (Figure 3C).

Feedback on the Educational Environment

The educational environment significantly influenced teaching effectiveness. As shown in Figure 4A, small groups (4-6
participants) were preferred by 76.3% of residents, and a structured format (60-90 minutes with instructor-led demon-
stration followed by supervised hands-on practice) received positive feedback from 82.2%. Figure 4B presents the mean
satisfaction ratings for various teaching environment elements, with optimal group size (8.4) and instructor guidance
(8.2) rated highest. Despite overall positive feedback, 43.2% of participants recommended incorporating regular sessions
with extended practice time, particularly for complex anatomical regions and challenging surgical approaches—aligning
with the lower ratings for session frequency and practice duration.

A

Distribution of Respondents by Training Year Teaching Session Participation by Subspecialty
Bl 42.4% First-year residents B 45.8% Trauma
B 37.3% Second-year residents =3 28.8% Joint Reconstruction
=3 20.3% Third-year residents = 16.9% Spine

=3 8.5% Pediatric Orthopedics

Figure | Participant distribution analysis (n=118). (A) Distribution of respondents by training year. (B) Participation in teaching sessions by orthopedic subspecialty.
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A Effectiveness in Teaching Different Areas B Satisfaction Rates by Training Year
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Figure 2 Educational impact assessment of 3D-printed anatomical models (n=118). (A) Mean effectiveness scores by orthopedic concept. (B) Mean satisfaction scores by
training level.
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Figure 3 Learning outcomes and limitations of 3D-printed models (n=118). (A) Mean effectiveness scores for different learning outcomes. (B) Percentage of positive
responses for learning outcomes. (C) Reported limitations of the models.

In summary, 3D-printed anatomical models provide substantial educational benefits for orthopedic surgical training,
like the pelvis and acetabulum (see Figure 5 for an example of such a model), with impact varying by experience level.
Junior residents reported higher satisfaction than seniors. Models were most valuable for three key purposes: enhancing
tactile understanding of anatomy, visualizing complex fracture patterns, and improving preoperative planning. The small-
group, instructor-guided teaching approach proved effective, though residents consistently requested more frequent and
longer hands-on practice sessions, especially for complex anatomical regions. These findings suggest 3D-printed models
deliver maximum benefit when integrated into a comprehensive educational framework with appropriate group sizes,
structured guidance, and sufficient practice opportunities tailored to resident experience.

Discussion

This study demonstrates that in-house, patient-specific 3D-printed anatomical models are perceived by orthopedic residents as
valuable educational tools, with the strongest reported benefits among junior trainees and in the context of complex anatomical
structures. Our findings are closely aligned with the study’s objectives: to evaluate the educational efficacy of 3D-printed
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A Feedback on 3D-Printed Model Teaching Format B Ratings of 3D-Printed Model Teaching Environment
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Figure 4 Educational environment assessment for 3D-printed model teaching (n=118). (A) Resident preferences for teaching format. (B) Mean satisfaction ratings for
teaching environment elements.

Figure 5 3D-printed pelvic model shown in anterior (left) and posterior (right) views. This white polymer model highlights key anatomical features including the acetabulum,
sacroiliac joints, and sacral foramina. The patient-specific model enables residents to visualize complex spatial relationships and provides tactile learning for pelvic trauma
surgery and fracture fixation techniques.

models in three domains—anatomical comprehension, surgical planning, and clinical teaching utility. The results show
consistent, positive resident feedback across these areas, with quantitative data confirming enhanced understanding of
anatomy (85.6% of residents), high ratings for tactile learning, and clear preferences for small-group, instructor-guided
sessions. The findings are relevant both to the stated aims and to the growing body of literature exploring technological
innovation in surgical education. Most notably, junior residents reported the greatest educational benefit, suggesting 3D
models are particularly effective in bridging the gap between abstract anatomical concepts and practical understanding during
foundational training years. This is consistent with prior research indicating that physical models can support the development
of spatial reasoning skills that are challenging to acquire through conventional 2D resources alone.?

The educational advantages of 3D-printed models can be understood through frameworks such as experiential learning
theory and cognitive load theory.”*?” By providing tangible, 3D representations, these models help reduce the mental effort
required to mentally reconstruct anatomical relationships from 2D images—a process that can otherwise increase extraneous
cognitive load, especially for novice learners.”**’ The multisensory experience afforded by 3D models—integrating visual,
tactile, and spatial modalities—enhances information encoding, retention, and the transfer of knowledge to clinical practice,*
while haptic feedback from physical manipulation is particularly valuable for developing procedural skills and addressing
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gaps left by traditional, primarily visual teaching methods.*'** While our study interprets its findings through established
educational theories, a more nuanced application is needed. Cognitive load theory highlights the limited capacity of working
memory and underscores the importance of instructional design that reduces unnecessary cognitive load while promoting
meaningful schema-building.*® In this context, 3D-printed models likely help redistribute cognitive effort by alleviating the
burden of mentally reconstructing spatial relationships, allowing learners—especially those in the early stages of training—to
focus more effectively on clinically relevant reasoning and skill development. However, it is important to recognize that
physical models do not eliminate cognitive load entirely; rather, they optimize its allocation to enhance learning efficiency. To
validate these theoretical benefits, future research should directly assess cognitive load during educational interventions, using
objective tools such as subjective rating scales or dual-task paradigms, rather than relying solely on learner perceptions.

The findings highlight that the educational environment and implementation format significantly influence learning
outcomes with 3D-printed models. A strong preference for small-group teaching (76.3%) and structured instructional
approaches (82.2%), along with high satisfaction ratings for instructor guidance (mean score 8.2), indicate that these models
are most effective when embedded in collaborative, guided learning experiences rather than self-directed study. This
preference aligns with social constructivist learning theories, which emphasize knowledge construction through peer inter-
action and expert scaffolding. However, lower satisfaction with session frequency (mean score 6.5) suggests that regular,
ongoing integration throughout the curriculum—rather than isolated sessions—would further maximize educational impact.
Collectively, these results support the incorporation of 3D-printed models into formal, curriculum-based teaching sessions to
optimize their educational utility.

The observed preference for small-group learning environments (typically 4—6 participants) reflects core principles of
medical education, where knowledge is often constructed through peer interaction and collaborative problem-solving.** Both
orthopedic®® and neurosurgical®® training contexts have shown that 3D models enhance the understanding of complex
anatomy, yet our findings add nuance by highlighting the varying impact across training levels and the importance of
balancing instructor guidance with opportunities for independent exploration.’” Participants reported that the educational
benefits of 3D models were most pronounced during structured 60-90 minute sessions that combined initial instructor
demonstration with supervised, hands-on practice—an approach that received notably positive feedback.*® At the same time,
residents expressed a desire for more frequent and extended sessions, highlighting a key implementation challenge that
underscores the need for thoughtful curriculum integration.®® These results suggest that 3D-printed models are most effective
when incorporated into collaborative, instructor-led learning experiences, with an emphasis on small-group formats. Strategic
integration should ensure that these models are utilized throughout residency, with greater emphasis during foundational years
and more targeted application as residents advance and focus on subspecialty interests.** However, a key limitation of our
study is the reliance on self-reported perceptions of effectiveness rather than objective performance metrics. While partici-
pants strongly agreed that 3D models improved their understanding, previous research has shown that this perceived benefit
does not always translate into statistically significant gains in knowledge retention or test scores.*’ This underscores the need
for future research to incorporate objective assessments, such as pre- and post-intervention testing or performance in simulated
surgical tasks, to validate the perceived benefits reported in our study.

Implementation considerations must balance educational benefits against resource constraints, faculty availability, and
competing priorities within residency curricula.*> The development of accessible model libraries allowing supervised
independent access outside structured teaching represents a potential solution to address the desire for additional practice
without proportionately increasing faculty commitment.* This approach aligns with adult learning principles by
providing learner-directed opportunities while maintaining appropriate educational oversight.** Programs implementing
these models should consider strategic curriculum mapping to identify high-yield anatomical regions where three-
dimensional understanding proves most challenging through conventional teaching methods.*> The acetabulum, pelvis,
and complex articular surfaces emerged in our study as areas where residents reported maximum benefit from model
interaction, suggesting that initial implementation efforts might prioritize these structures for optimal educational impact
and resource utilization. Our study intentionally focused on complex cases such as comminuted acetabular fractures and
severe spinal deformities, as the educational value of 3D models is most justified in these non-standard scenarios where
traditional 2D imaging is least effective. The limitation of “model varieties” noted by residents likely reflects a desire to
apply this valuable tool to an even broader range of challenging cases encountered during training.
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The rapidly evolving landscape of 3D-printing technology presents both opportunities and challenges for wider imple-
mentation in orthopedic education.*® Decreasing production costs and increasing printing efficiency make adoption increas-
ingly feasible, even for programs with limited resources.”” However, important considerations remain regarding model
durability, anatomical accuracy, and material properties.*® While our white polymer models excelled in demonstrating
structural relationships, they could not replicate the tactile properties of bone, potentially limiting their utility for certain
aspects of surgical simulation such as drilling, cutting, or hardware fixation.** Resident feedback echoed these concerns,
particularly highlighting the practical limitations of 3D-printed models—most notably the significant time required for both
model segmentation (2—4 hours per model) and printing (an additional 812 hours), as well as ongoing challenges with
material durability. These issues are well documented in the field and can present barriers to broader adoption. Nevertheless,
the primary contribution of our work is demonstrating the feasibility and perceived educational value of a low-cost, in-house
workflow. By utilizing FDM printers and PLA material, we addressed significant cost barriers that often limit access to this
technology in educational settings. This experience aligns with existing research indicating that affordable, low-cost models
can deliver clinical and educational value comparable to more expensive alternatives. Ultimately, a comprehensive cost-
benefit analysis must weigh not only direct production expenses but also potential downstream effects, including improve-
ments in surgical efficiency, reductions in complications, and enhanced resident confidence that may translate to better patient
outcomes.”® While the educational return on investment appears substantial based on resident feedback, more rigorous
quantification through objective performance metrics would further strengthen the case for widespread implementation.”’

A central limitation of our PLA models is that, while they effectively demonstrate anatomical relationships, they cannot
replicate the biomechanical properties of real tissue, limiting their usefulness for realistic surgical simulations involving
drilling or cutting. Advanced multi-material printers, such as the Stratasys Digital Anatomy printer, represent an important
future direction by producing models with variable densities and textures that closely mimic real bone and soft tissue, offering
a higher-fidelity platform for procedural training. Other limitations of our study include reliance on resident self-reporting
rather than objective performance measures and the focus on short-term educational outcomes. Future research should
incorporate pre- and post-intervention assessments, operative performance metrics, and longitudinal studies to evaluate
knowledge retention and application in clinical practice. Despite these limitations, our findings indicate that 3D-printed
patient-specific anatomical models are valuable educational tools for orthopedic training, particularly when combined with
effective group sizes, structured guidance, and hands-on practice. These models address gaps in understanding complex three-
dimensional anatomy and spatial relationships, ultimately improving educational outcomes and surgical preparation. Looking
ahead, integrating 3D printing with technologies such as virtual or augmented reality, sensor-embedded models, and more
advanced multi-material printing could further enhance orthopedic education by providing realistic tactile feedback and
interactive visualization. While our study demonstrates the value of a basic, in-house 3D printing program, future work should
explore these advanced and blended approaches to further enrich surgical training.

Conclusion
This study’ s findings indicate that orthopedic residents perceive 3D-printed, patient-specific anatomical models as
a valuable addition to their training, with the strongest benefits reported by junior trainees and for understanding complex
anatomical structures. Residents identified the models as being most useful for enhancing tactile anatomical under-
standing, visualizing complex fracture patterns, and improving preoperative planning.

The results further suggest that the educational effectiveness of these models is optimized when implemented within
a framework of small-group settings, structured instructor guidance, and adequate hands-on practice. While this study is
limited to resident perception and does not measure objective skill acquisition, it provides a replicable, evidence-based
framework for institutions seeking to implement low-cost, in-house 3D printing to enrich the resident learning
experience.

Highlights
1. 3D-printed anatomical models significantly enhanced understanding of complex orthopedic structures among 85.6%
of residents, with physical manipulation receiving the highest educational value rating (8.1/10).
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2. First-year residents demonstrated substantially greater educational benefit (mean score 7.9) compared to third-year
trainees (6.9), highlighting the technology’s particular value in early training stages.

3. Small-group teaching (4-6 participants) with instructor guidance was preferred by 76.3% of residents, while in-house
production addressed key implementation barriers of cost and customization.
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2D, two-dimensional; 3D, three-dimensional; CT, computed tomography; FDM, Fused Deposition Modeling; PAMs,
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