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Abstract
Three-dimensional (3D) printed models offer potential advantages over traditional teaching methods by providing 
realistic, tactile learning aids. The overall efficacy of 3D printing in plastic surgery education has not been 
previously systematically analysed. A review of PubMed, Web of Science, and Embase databases up to October 
2023 identified studies using 3D printed models in plastic surgery education. Inclusion criteria were set to select 
before-after studies or studies comparing 3D printed models to traditional teaching methods. Outcome measures 
included Likert scales, Multiple choice quest tests or other scoring systems. 37 studies met the inclusion criteria. 
Learners demonstrated enhanced anatomical understanding and procedural knowledge after engaging with 3D 
models. The comparative studies included in the review further highlight the superiority of 3D models over 
traditional learning tools, with average increases in test scores and procedural confidence, quantified through Likert 
scales and multiple-choice questionnaires. Ultimately, the findings of this review suggest that 3D printing enhances 
learning, making educational experiences more interactive and effective than traditional methods. While costs, 
accessibility, and a lack of technical expertise may pose challenges, integrating 3D models into training could 
enhance plastic surgical education. High-quality randomized controlled trials are necessary to confirm these 
findings and standardise outcomes for broader applications.
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INTRODUCTION
Initially intended for use in the aerospace industry, the introduction of additive manufacturing, also known 
as three-dimensional (3D) printing, has continued to transform and expand its applicability and utility into 
other fields, including medicine[1,2]. 3D printing has enhanced preoperative planning, enabling the precise 
fabrication of medical hardware like prostheses and implants, and fostering individualized patient care that 
leads to improved clinical outcomes[3-8]. Further, the integration of 3D models in healthcare has also 
improved the clinician’s capacity to predict complications, representing a significant advancement in 
patient care. Even still, given its capacity to produce high-fidelity anatomical models, 3D printing offers 
users tactile feedback and enhanced visuospatial comprehension, enabling it to be an instrumental tool for 
surgical and medical education[9,10].

Like other surgical fields, plastic surgery is a field characterized by a reliance on a comprehensive spatial 
understanding of human anatomy. Traditional educational tools, such as textbooks and cadaveric 
workshops, have limitations in terms of accessibility, ethical considerations, and the ability to represent 
complex 3D structures[10,11]. The introduction of 3D printed models offers a novel solution to these 
challenges, allowing for repeated practice, personalized learning experiences, and the bridging of gaps 
between theoretical knowledge and clinical application[11,12].

The literature indicates a growing interest in 3D printing for surgical education, with studies suggesting its 
benefits in enhancing comprehension, engagement, and practical skills among learners[7,13]. However, the 
body of evidence remains fragmented and heterogeneous in terms of methodologies, outcomes measured, 
and contexts applied[14-16]. To the best of our knowledge, there are no existing reviews that collate and 
synthesise this literature to provide a robust assessment of the educational value of modern 3D printing in 
plastic surgery. Hence, there is a rationale for the present review.

This study represents a narrative review evaluating the efficacy of using 3D printing as an educational tool 
in plastic surgery.

METHODS
Study identification
This study was performed as a narrative review with a systematic approach. The methodology largely 
adhered to the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) guidelines[17] 
[Figure 1] and was listed prospectively on the International Prospective Register of Systematic Reviews 
(PROSPERO). A comprehensive search was conducted to identify relevant studies on the use of 3D printing 
for plastic surgery education. The electronic databases of PubMed, Embase, and Web of Science were 
systematically searched from their inception until October 2023. The search strategy utilized a combination 
of relevant keywords and MeSH terms for a broad coverage of the literature. The following search terms 
were used: (“Three Dimension OR” “Three Dimensional” OR “Three-Dimension” OR “Three-
Dimensional” OR “3D” OR “3-D” OR “Additive Manufacturing” OR “Rapid Prototyping” OR “Layered 
Manufacturing” OR “Stereolithography”) AND (“Print*” OR “Printing” OR “Printer” OR “Fabrication” OR 
“Building”) AND (“Plastic Surgery” OR “Cosmetic Surgery” OR “Reconstructive Surgery” OR “Aesthetic 
Surgery” OR “Craniofacial Surgery” OR “Hand Surgery” OR “Rhinoplasty” OR “Cleft” OR 
“Craniosynostosis” OR “Microsurgery” OR “Breast surgery” OR “Burns” OR “Peripheral nerve”) AND 
(“Education” OR “Training” OR “Teaching” OR “Learning” OR “Simulation”). In addition to the electronic 
database searches, the reference lists of all included studies and relevant reviews were thoroughly screened 
for any additional studies that may have been missed in the initial search.
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Figure 1. PRISMA flowchart of included studies. PRISMA: Preferred Reporting Items for Systematic reviews and Meta-Analysis.

Study inclusion
Inclusion criteria included the following predefined criteria: Study design was limited to original 
randomised control, case-control, cohort studies, cross-sectional studies, and case series that evaluated the 
use of 3D printed anatomical models for use in plastic surgical education. Only studies that provided 
quantitative analysis of the efficacy of these models for teaching were included. These outcomes include the 
use of Likert scales prior and/or after the intervention, multiple choice quizzes, and other relevant scoring 
systems [e.g., Cleft Palate Objective Structured Assessment of Technical Skill (CLOSATS) or Global Rating 
Index for Technical Skills (GRITS) score]. Studies that compared the use of the intervention to controls 
were eligible for consideration. On the other hand, studies were excluded from the review if they were 
simple validation studies without quantitative assessment, case reports, reviews, conference presentations, 
editorials, letters to the editor, or if they did not report relevant outcomes. This review was limited to studies 
with human subjects.

Data extraction
Titles and abstracts were reviewed by two independent reviewers (JC/OSh) and discrepancies were resolved 
through discussion and consensus or the involvement of a third reviewer where necessary. Data were 
extracted into data extraction tables. Multiple data points were carefully extracted to provide a 
comprehensive overview of the included studies. These data points included the author of the study, year of 
publication, country of study origin, educational level of participants, details of the 3D model used as the 
intervention, any details of a relevant control group if included, the cost of models used, and lastly, a 
summary of the main findings/outcomes reported in the included literature.
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Risk of bias/quality assessment
The risk of bias in included studies was assessed using the Cochrane Risk-of-Bias (RoB) tool for randomised 
control trials[18]. This tool consists of seven domains where bias could be introduced: random sequence 
generation, allocation concealment, blinding of participants/personnel, blinding of outcome assessors, 
incomplete outcome data, selective reporting, and other forms of bias. In each of these seven areas, the risk 
of bias is assessed as low, unclear, or high depending on criteria set by the Cochrane Collaboration[18]. 
Furthermore, the National Institute of Health quality assessment tool for Before-After studies with no 
control group was used to assess those without control groups[19]. This tool involves 12 questions as criteria 
that evaluate various aspects of the study. A single point was awarded for each criterion present in the 
assessed studies. A total of 1-4 points was deemed “poor”, 5-8 as “fair”, and 9-12 as “good” quality. Risk of 
bias and quality assessment were performed independently by two independent reviewers (JC/OSh), and 
any discrepancies were resolved through discussion and the involvement of a third reviewer if necessary.

RESULTS
Literature search
From the initial search, 2,135 studies were identified from the included databases. Following the removal of 
duplicates, 1,776 studies underwent an initial review of titles and abstracts. Of these, 137 met the criteria for 
full-text review. Following the full-text review, 29 publications were deemed eligible for inclusion. 
Furthermore, an additional 8 publications were found from citations of relevant literature and deemed 
eligible for inclusion. A total of 37 studies were included in the final analysis [Figure 1].

Study characteristics
Included studies were published between 2015-2023, with the majority from the United States (19 studies) 
and Canada (7 studies) [Tables 1 and 2]. Most studies focused on surgical residents as the learners (21 
studies), while the remainder included medical students, fellows, and attending surgeons. The most 
common 3D printed models were used for education of surgical knowledge of cleft lip and palate (13 
studies), followed by craniosynostosis (6 studies), rhinoplasty (5 studies), and otoplasty (4 studies) 
[Table 3]. Other models used for education included facial fractures, facial flaps, hand fractures, mandibular 
reconstruction, flexor tendon repair, and microsurgery training models. The cost of the utilised 3D models 
ranged widely from $0.55-$750 USD.

Single arm studies
The 28 single-arm pre-post studies evaluated a wide variety of educational outcomes before and after 
utilizing 3D-printed models. The most frequently assessed outcomes were procedural knowledge, 
anatomical understanding, technical skills, and trainee confidence [Table 1]. Outcome measures most often 
included Likert scale-based questionnaires of participants before and after using the 3D models. 
Furthermore, questionnaires or relevant scoring systems were also utilised in some studies to assess 
participants’ knowledge before and after the intervention.

Overall, all included studies reported positive outcomes from the use of the 3D printed models. Those that 
involved statistical analyses found that the use of 3D models led to significant improvements across at least 
one major educational domain. Trainees’ knowledge and understanding of anatomy, surgical steps, and/or 
techniques consistently showed significant gains after practicing surgical simulations on 3D printed models 
of various anatomical structures and defects. Additionally, studies that evaluated technical skills found 
significant improvements in operative abilities after hands-on simulation with 3D models.
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Table 1. Characteristics of single-arm intervention studies

Author123 Year Country Educational Level Details of 3D model Cost 
(USD) Main outcomes

D’Souza 
et al.[20]

2015 Canada Plastic surgery residents Facial fracture model for 
surgical education

NS Use of the 3D model significantly improved diagnosis of fracture patterns (P < 0.001), choice of incisions for 
adequate exposure (P = 0.04) and the ability to identify the sequence of repair (P = 0.019)

Berens 
et al.[21]

2016 USA Microtia surgeons Costal cartilage model for ear 
reconstruction

$0.55-
$0.60

The starch/silicone model scored an average overall score of 4/5 for factors around operative simulation value 
and similarity to anatomical structures as based on a 5-point Likert scale

Alreefi 
et al.[15]

2016 Canada Surgeons and surgical 
residents

Septoplasty model $134 Average scores of 4.05/5 for anatomic accuracy and 4.2/5 for operative realism as assessed on a 5-point 
Likert scale

Podolsky 
(A) 
et al.[22]

2017 Canada Plastic surgery residents 
and fellows

Cleft palate model NS Significant improvement in knowledge as judged by improvement in multiple-choice test scores before and 
after intervention (P < 0.05)

Brichacek 
et al.[23]

2018 Canada Plastic surgery residents Hand model for Kirschner 
wire placement

$50 Mean educational utility and overall usefulness of 5/5 as assessed by Likert scale by residents

Cheng (A) 
et al.[24]

2018 USA Plastic surgery residents 
and fellow

Cleft palate model NS Significant improvements in procedural confidence (P < 0.05) and cleft palate knowledge (P = 0.05) following
3D model use

Cote et al.[25] 2018 USA Trainees and surgeons Cleft palate model $7.31 Mean educational utility of 4.8/5 as assessed by Likert scale by students

Eastwood
et al.[26] 2018 Canada Plastic surgery residents, 

fellows, and surgeons
Metopic and Sagittal 
craniosynostosis models

$195 The model was deemed to provide a realistic representation of anatomy by greater than 80% of participants 
(mean Likert score of 4.21/5 for metopic model and 4.01/5 for sagittal synostosis model). Over 90% of 
participants felt the operative steps were realistic

Podolsky (B) 
et al.[16]

2018 Canada Plastic surgery residents Cleft palate model NS Increased scores on the CLOSATS by residents after each simulation session

Reighard 
(A) 
et al.[27]

2018 USA Cleft surgeons Cleft lip model $11.43 Global average rating of 2.4/5 and average scores of 3.8/5 for value as a training tool, and 3.2/5 for 
anatomical attributes as assessed on a 5-point Likert scale

Cheng (B) 
et al.[28]

2019 USA Plastic surgery residents, 
fellows, and surgeons

Craniosynostosis models NS 100% of participants agreed that the model was a valuable training tool. 94% of residents reported that the 
model improved their understanding of the anatomy and operative steps of cranial vault reconstruction

Iida et al.[29] 2019 Japan Plastic surgery residents Cleft lip and alveolar cleft 
model

NS Significant improvement in overall confidence in performing alveolar bone graft after using the model (P < 
0.001). Significant improvements in anatomical knowledge (P < 0.05) and procedural confidence (P < 0.001)

Kantar 
et al.[30]

2019 USA Plastic surgery residents Cleft lip model $1.84 The model was deemed by the residents to offer significantly better learning of surgical markings (P < 0.001) 
than standard photographs. It was also significantly more interesting (P = 0.005) and more stimulating (P = 
0.008)

Powell 
et al.[31]

2019 USA Facial plastic surgeons Facial flap model $4.61-
$8.14

Average score of 3.86/4 on a 4-point Likert scale for value as a training/educational tool and 3.86/4 for 
anatomical realism

Riedle 
et al.[32]

2019 Germany Plastic surgery residents Cleft lip and palate model NS Average scores of 6.9/10 for anatomic accuracy and 6.1/10 for operative realism from participants after using 
the model on a 10-point scale

Oh et al.[33] 2019 USA Surgical residents and 
surgeons

Rhinoplasty model NS Average scores of 3.7/5 for operative realism and 4.5/5 for value as an educational tool as assessed on a 5-
point Likert scale*

Craniosynostosis and 
mandibular distraction 

Lobb et al.[34] 2019 USA Plastic surgery residents $281.61 Number of inaccuracies in a written surgical plan decreased from 5 to 0 for sagittal synostosis and 4 to 0 
for mandibular distraction after using the 3D models
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models

Chang 
et al.[35]

2020 USA Surgical residents and 
fellows

Microtia + cleft lip/palate 
models

NS Use of the 3D printed model led to significant increases in self-confidence (P < 0.05) and self-reported 
expertise (P < 0.05)

Jovic et al.[36] 2020 UK Plastic surgery trainees Costal cartilage models 
for ear reconstruction

NS Use of the model results in significant improvements in the understanding of the components of a “Firmin ear” 
(P < 0.0001). Significant improvements in procedural confidence (P < 0.0001) and understanding (P < 
0.0001)

Reighard (B) 
et al.[37]

2021 USA Surgeons Mandibular distraction 
osteogenesis model

$19.56 Average global rating of 2.67/4 and average scores of 4/4 for value as a training tool, and 3.38 for anatomical 
attributes as assessed on a 4-point Likert scale

Papavasiliou 
et al.[38]

2021 UK Plastic surgery residents Flexor tendon repair model NS Significant improvement in surgical knowledge and operative skills of all trainees after using the model (P < 
0.01)

Gupta 
et al.[39]

2021 USA Plastic surgery residents Rhinoplasty model NS After using the model, residents reported improvements across multiple domains of the rhinoplasty procedure 
assessed based on a 5-point Likert scale

Nicholas 
et al.[40]

2022 UK Plastic surgery trainees Cleft palate model $46 Significant improvements in surgical knowledge and confidence after using the 3D model (P < 0.001)

Geoghegan 
et al.[41]

2022 UK Plastic surgery residents Microsurgery training model NS Significant improvements in overall technique (P = 0.0045) along with vessel preparation ability (P = 0.0035),
and microsuturing skills (P = 0.0047), after use of the 3D model

Khoo et al.[42] 2022 Australia Plastic surgery trainees Cleft lip repair $175 Significant improvements in post-intervention operative confidence (P = 0.008) as assessed using a
structured questionnaire and a 5-point Likert scale

Wright
et al.[43]

2023 USA Plastic surgery residents Craniosynostosis model $750 Significant improvement in knowledge (P = 0.02) and technical skills (P < 0.001) among junior residents after 
training on the 3D model

Podolsky 
(C) 
et al.[44]

2023 Canada Plastic surgeons Rhinoplasty model $275 Overall, participants scored the model as 4.33/5 for anatomical realism and 4.85/5 for value as an educational 
tool on a 5-point Likert scale

Schlegel 
et al.[45]

2023 USA Plastic surgeons Rhinoplasty model $4.54-
$50.37

Average scores ranged from 1.7-4.7/5 for overall educational value and 1.7-4.3/5 for overall anatomic realism 
as assessed on a 5-point Likert scale

Witsberger 
et al.[46]

2023 USA Plastic surgeons Otoplasty model $3.99 Average scores of 3.83/5 as a training tool, 3.83/5 as a competency evaluation tool and 4/5 as a rehearsal 
tool based on a 5-point Likert scale

*The scale of scores from this study has been flipped to be consistent with other Likert scales of included studies. USD: United States Dollar; NS: not specified; 3D: three-dimensional; USA: United States of America; 
CLOSATS: cleft palate objective structured assessment of technical skill; UK: United Kingdom.

Comparative studies
Seven of the included studies included the addition of a control group who utilised a form of traditional teaching and compared their outcomes to that of an 
intervention group utilising the 3D printed models [Table 2]. These comparative studies displayed similar consistency to the single-arm studies in 
demonstrating the superior educational value of 3D printed models over other traditional training modalities. Across different learners, 3D model training 
showed significantly greater improvements in knowledge, technical skills, and confidence compared to training with 2D illustrations, text/written materials, 
PowerPoint presentations, and other standard curricula.
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Table 2. Characteristics of included studies with comparison groups

Author Year Country Educational Level Intervention Control Cost 
(USD) Main outcomes Outcome 

measure

Alali 
et al.[14]

2017 UK Medical students Powerpoint presentation 
+ cleft lip and palate 
model

Powerpoint 
presentation

$32 Cohort of participants who used the 3D model demonstrated significantly improved 
knowledge gained (P = 0.038), visualisation of the anatomical defect (P = 0.001) 
and higher learning satisfaction (P = 0.005) compared to cohort relying on 
traditional teaching methods

MCQ

Lane and 
Black 
et al.[47]

2020 USA Medical students Powerpoint presentation 
+ craniosynostosis model

Powerpoint 
presentation

$281.61 Cohort of patients who were taught with the aid of the 3D printed model displayed 
better anatomical understanding (P = 0.0001) and visualisation (P = 0.0064). 
They also developed a significantly improved understanding of the surgical 
approach (P = 0.0266)

Likert 
MCQ

Hweidi 
et al.[48]

2021 Egypt Plastic surgery 
trainees

Standard training* + cleft 
palate model

Standard training* NS Cohort of patients who practiced on the 3D model displayed significantly better 
operative technique (as assessed using the GRITS score) (P < 0.001) and reduced 
operative time (P < 0.001)

GRITS

Yang 
et al.[49]

2021 USA Head and neck 
surgery trainees

Facial flap model Paper-based 
illustration

NS The group that utilised the 3D model displayed significant improvements in 
understanding and expertise of facial flaps (P < 0.05). No significant improvement 
was observed in the control group that utilised paper-based teaching methods

Likert

Al-Badri 
et al.[50]

2022 France Medical students Craniosynostosis 3D 
models

2D images of skulls 
with craniosynostosis

NS Significantly higher post-teaching test scores in the cohort of participants who 
utilised the 3D models compared to the cohort of participants who utilised the 
standard 2D teaching (P < 0.0001)

MCQ

Nicot 
et al.[51]

2022 France Medical students Facial fracture 3D models 2D images of facial 
fractures

NS Post-intervention test scores were significantly higher among the students who 
utilised the 3D model compared to the cohort who relied on standard 2D teaching 
(P = 0.008)

MCQ

Lerner 
et al.[52]

2023 USA Medical students and 
Plastic surgery 
residents

Facial flaps model Textbook chapter $2.50 Significant improvement in the performance of banner flap (P = 0.001) and bilobed 
flap (P = 0.001) by residents after using the model. Medical students who utilised 
the 3D printed model exhibited significantly improved knowledge and skills 
compared to those who did not (P < 0.05)

Likert

Rama 
et al.[53]

2023 USA Surgical residents and 
fellows

Facial fracture 3D model 
+ CT scan

CT Scan alone NS Significant improvement (P < 0.05) in participant confidence across three of the 
four tested 3D models in comparison to CT scans alone as assessed on a 5-point 
Likert scale

*Not specifically defined in the study. USD: United States Dollar; USA: United States of America; UK: United Kingdom; NS: not specified; MCQ: multiple choice question test; GRITS: global rating index for technical 
skills; CT: computed tomography.

Risk of bias
The risk of bias was most often judged as unclear or high across the included randomised control trials [Supplementary Figures 1 and 2]. Details of the random 
sequence generation or allocation concealment were often not reported in many studies, leaving room for bias. Blinding of participants was not possible given 
the nature of the interventions and was therefore deemed high-risk across all included studies. Blinding of outcome assessment was only definitively reported 
in one randomised control trial (RCT). Attrition and selective reporting bias were mostly deemed low-risk. The risk of bias in the Before-After studies lacking 
a comparison group as assessed using the NIH quality assessment tool is demonstrated in Table 4. Most studies were deemed to be of “fair” quality. Only two 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/par11065-SupplementaryMaterials.pdf
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Table 3. Summary of educational areas utilising 3D printing among included studies

Educational topic Number of studies Ref.

Cleft lip or palate 13 Podolsky et al. 2017[22] 
Alali et al. 2017[14] 
Cheng et al. 2018[24] 
Cote et al. 2018[25] 
Podolsky et al. 2018[16] 
Reighard et al. 2019[27] 
Iida et al. 2019[29] 
Kantar et al. 2019[30] 
Riedle et al. 2019[32] 
Chang et al. 2020[35] 
Nicholas et al. 2021[40] 
Khoo et al. 2022[42] 
Hweidi et al. 2021[48]

Craniosynostosis 6 Eastwood et al. 2018[26] 
Cheng et al. 2019[28] 
Lobb et al. 2019[34] 
Lane and Black, 2020[47] 
Wright et al. 2023[43] 
Al-badri et al. 2022[50]

Rhinoplasty 5 Alreefi et al. 2016[15] 
Oh et al. 2019[33] 
Gupta et al. 2021[39] 
Podolsky et al. 2023[44] 
Schlegel et al. 2023[45]

Ear reconstruction 4 Berens et al. 2016[21] 
Chang et al. 2020[35] 
Jovic et al. 2020[36] 
Witsberger et al. 2023[46]

Facial flaps 3 Powell et al. 2019[31] 
Yang et al. 2021[49] 
Lerner et al. 2023[52]

Facial fractures 3 D’Souza et al. 2015[20] 
Nicot et al. 2022[51] 
Rama et al. 2023[53]

Mandibular distraction 2 Reighard et al. 2021[37] 
Lobb et al. 2019[34]

Hand fractures 1 Brichacek et al. 2018[23]

Flexor tendon repair 1 Papavasiliou et al. 2021[38]

Microsurgery 1 Geoghegan et al. 2022[41]

studies were of “good” quality. No studies justified their sample size or included multiple measurements 
before or after the intervention. Most studies were not blinded and did not clearly describe inclusion/
exclusion criteria for participants that were applied a priori.

DISCUSSION
The findings of this review suggest that 3D printing may play a beneficial role in the education of plastic 
surgery trainees. Among the single-arm studies, training with 3D models led to statistically significant gains 
across knowledge, technical skills, confidence, and other educational domains pertinent to the specific 
procedures. These advantages were further corroborated by the comparative studies, where 3D printing 
showed superiority over standard teaching tools such as textbooks, 2D images, and presentations. These 
comparative studies highlighted that 3D models provide a more interactive and realistic experience, which 
can enhance understanding and retention of complex anatomical structures, ultimately leading to better 
preparedness in surgical settings.
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Table 4. Quality assessment results using NIH Before-After Study quality assessment tool

Author Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Total Grade

D’Souza et al.[20] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Berens et al.[21] Y Y Y N N Y N Y Y N N N/A 6 Fair

Alreefi et al.[15] Y Y Y Y N Y Y Y Y Y N N/A 9 Good

Podolsky (A) et al.[22] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Brichacek et al.[23] Y Y Y N N N Y N Y N N N/A 5 Fair

Cheng (A) et al.[24] Y Y Y N N N Y N Y Y N N/A 6 Fair

Cote et al.[25] Y N Y N N N Y N Y N N N/A 4 Poor

Eastwood et al.[26] Y Y Y Y N Y Y N Y Y N N/A 8 Fair

Podolsky (B) et al.[16] Y Y Y N N N Y Y Y Y N N/A 7 Fair

Reighard (A) et al.[27] N Y Y N N Y N N Y N N N/A 4 Poor

Cheng (B) et al.[28] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Iida et al.[29] Y N Y N N N N N Y N N N/A 3 Poor

Kantar et al.[30] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Powell et al.[31] Y N Y N N Y N N Y N N N/A 4 Poor

Riedle et al.[32] Y Y Y N N Y Y N Y N N N/A 6 Fair

Oh et al.[33] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Lobb et al.[34] Y Y Y Y N Y Y Y Y N N N/A 8 Fair

Chang et al.[35] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Jovic et al.[36] Y Y Y N N Y N N Y Y N N/A 6 Fair

Nicholas et al.[40] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Reighard (B) et al.[37] Y N Y N N Y N N Y N N N/A 4 Poor

Papavasiliou et al.[38] Y Y Y Y N Y Y N Y Y N N/A 8 Fair

Gupta et al.[39] Y N Y N N Y Y N Y N N N/A 5 Fair

Geoghegan et al.[41] Y Y Y Y N Y Y Y Y Y N N/A 9 Good

Khoo et al.[42] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Wright et al.[43] Y Y Y N N Y Y N Y Y N N/A 7 Fair

Podolsky (C) et al.[44] Y N Y N N Y N N Y N N N/A 4 Poor

Schlegel et al.[45] Y Y Y N N Y N Y Y N N N/A 6 Fair

Witsberger et al.[46] Y Y Y N N Y Y N Y N N N/A 6 Fair

Questions adapted from National Institutes of Health Study Quality Assessment Tools[19]. Y: Yes; N: no; N/A: not applicable.
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The educational theory underpinning the value of 3D printing lies in its ability to promote multiple facets of 
learning. By offering a tangible representation of anatomical structures, 3D models promote an enriched 
learning experience. Unlike their two-dimensional counterparts, these models facilitate the exploration of 
complex spatial relationships more intuitively[54,55]. Engaging with these models allows trainees to interact 
with an anatomical replica that closely mirrors true anatomy, fostering a deeper understanding of 
structures[10,11,56]. Furthermore, the ability to practice procedures multiple times on accurately fabricated 
models caters to experiential learning, which is crucial for acquiring surgical competency. Through iterative 
practice, trainees can repeatedly perform surgical procedures, honing their skills in a risk-free setting[24,57]. 
This active learning fosters the development of surgical competencies prior to real-life application which is 
more readily retrievable during actual performance. As 3D printing technology advances and the materials 
more closely mimic human anatomy, or if bioprinting with real biological tissue emerges as a possible 
option, the educational utility of these models will continue to increase[58].

Our findings corroborate and build on previous reviews highlighting the promise of 3D printing for surgical 
education. Studies have found similar benefits across specialties like neurosurgery, otolaryngology, and 
colorectal surgery[59-61]. Leung et al. in 2022 reviewed the literature regarding the use of 3D printing in the 
field of otolaryngology for educational purposes[59]. They demonstrated from an extensive meta-analysis that 
3D printing offered substantial surgical, anatomical, and educational value as a training tool[59]. Similarly, To 
et al. in 2023 demonstrated the emerging use of 3D printing in colorectal surgery[60]. They found that 3D 
printing offered objective benefits in anatomical education as assessed by academic outcomes at all 
academic levels[60]. Furthermore, they identified a growing role for surgical simulation using 3D printed 
models in the field of colorectal surgery[60]. The current study is the first review to provide a synthesis of the 
evidence for the efficacy of 3D printing specifically in the context of plastic surgery training. The 
overwhelmingly positive results are consistent with the findings outlined in previous literature documenting 
the benefits of this rapidly growing technology in other surgical fields.

Several implications can be derived from this review. 3D printing has substantial potential to supplement 
and enhance traditional curricula for plastic surgery education. The technology empowers programs to 
provide highly customisable and learner-focused experiences. Trainees can learn at their own pace, 
receiving iterative practice on specific case models tailored to their needs and learning gaps. Consequently, 
wider adoption of 3D printing can be recommended in plastic surgical training programs. However, certain 
barriers currently impede more ubiquitous integration. The main obstacles are costs, access, and lack of 
expertise. However, these limitations are being rapidly overcome as the costs continue to fall and access 
improves with the wider availability of printers[62]. In the current study, creating models was generally 
inexpensive, with only a minority of studies reporting costs over $100 USD per model. To accelerate 
adoption, training programs could consider investing in in-house desktop printers and recruiting personnel 
with skills to operate them. This may mitigate costs and reliance on external companies over the long term. 
There is also the challenge of requiring specialized technical knowledge to create and manipulate these 
models, which could limit their use to institutions with access to appropriate expertise and resources. 
Developing effective teaching methods that leverage the unique capabilities of 3D models also presents a 
substantial challenge. Instructors may need specific training to integrate these tools effectively into the 
curriculum, ensuring that the technology enhances rather than complicates the learning process. Moreover, 
it is often hypothesized that the more a model closely resembles its real-world counterpart, especially in 
terms of function and complexity, the more effective it is as a learning tool. This resemblance allows for a 
deeper understanding and retention of knowledge, as users can explore the intricacies of the model in a way 
that mirrors real-life scenarios. However, the more realistic a model, the more challenging and expensive it 
is to create; thus, models are often simple and rudimentary, limiting their similarity to real-world situations. 
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Addressing these challenges is essential for maximizing the educational potential of 3D models and 
ensuring that their integration into medical education is both effective and sustainable.

While costs associated with 3D printing, particularly high-fidelity simulators, can often be prohibitive, 
alternative options include 3D computer images and augmented/virtual reality simulations[2,63,64]. 3D 
computer imaging provides a highly dynamic and financially accessible option. These virtual models can be 
manipulated in real time, allowing users to explore complex anatomical details from multiple angles. This 
capability not only facilitates a deeper understanding of spatial relationships critical for surgical training but 
also eliminates the material costs associated with physical models[2,63]. Augmented reality (AR) and virtual 
reality (VR) technologies further extend these benefits by creating immersive learning environments that 
simulate surgical procedures and scenarios[56,65-67]. AR overlays digital information onto the real world, 
enhancing the learning experience by integrating virtual components with physical tools, which is 
particularly useful in surgical training[67]. VR, on the other hand, immerses the user in a completely virtual 
environment, offering an interactive experience that can replicate various surgical settings and procedures 
without the need for physical resources[67]. Both technologies can reduce costs by circumventing the need 
for repeated model fabrications and updates. The cost-effectiveness of AR and VR is significant, especially 
when considering their scalability and the ability to update and distribute new content without additional 
material costs. Moreover, these technologies can be implemented on a broader scale across different 
institutions without the logistical challenges associated with physical models.

Further, the continued advancements in artificial intelligence (AI) can enhance the capacity of AR and VR 
technology to deliver advanced surgical education. AI has the potential to provide real-time feedback, 
personalized training programs, and adaptive learning experiences[68]. Machine learning algorithms can 
evaluate a user’s performance, identify areas for improvement, and adjust the difficulty of simulations to 
match the skill level of the trainee[69,70]. In addition, AI-powered virtual assistants can guide users through 
complex procedures, providing[71] detailed instructions and ensuring compliance with best practices[2]. 
Therefore, educational programs employing these advanced digital simulations can provide consistent 
training experiences, standardize educational content, and facilitate remote learning opportunities.

This narrative review encountered several significant limitations that must be acknowledged. Chief among 
these was the predominance of pre-post single-arm and non-randomised studies, which inherently carry a 
high risk of selection and confirmation bias. Furthermore, the inability to blind participants in these studies 
further exacerbates this issue, introducing performance bias, where the knowledge of intervention may 
influence outcomes. Moreover, the assessment of outcomes was compromised by suboptimal blinding of 
outcome assessors in many studies, leading to the potential for detection bias. The heterogeneity of the 
study designs, populations, interventions, and reported outcomes significantly hampered the ability to 
perform a comprehensive quantitative synthesis of the data, such as a meta-analysis, which limits the 
comparability of studies and the pooling of data for a more powerful aggregate effect estimate. Additionally, 
there is a concern regarding publication bias, as studies with positive results are more likely to be published, 
and this review found a preponderance of unequivocally positive outcomes, which may not reflect the true 
balance of evidence. Despite these limitations, the consistency of positive findings across various models, 
learners, and outcomes provides some reassurance. However, future research must include higher quality 
evidence from randomised, blinded studies with rigorous methodological designs to overcome these 
limitations and provide a more reliable evidence base to inform practice.
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CONCLUSION
3D printing appears to offer significant advantages for plastic surgery education. It enhances the learning 
experience by providing tactile feedback and a three-dimensional perspective that conventional teaching 
methods cannot offer. However, the integration of 3D printing into medical curricula requires careful 
planning, resources, and training of faculty to maximize its potential. Future research should aim to conduct 
high-quality studies with a low risk of bias and standardised outcomes to better understand the impact of 
this technology. As demonstrated in this review, the potential of 3D printing in the realm of plastic surgery 
education is vast and could offer significant benefits to the training of the next generation of surgeons.
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