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Abstract 

Objective  The objective of this study is to evaluate the role of three-dimensional printing models (3DPMs) 
in the medical education for undergrade students.

Method  A comprehensive search was performed across three online databases including Medline, EMBASE, CINAHL, 
Web of SCI, and Scopus spanning from their inception to October 30, 2024. Studies that satisfied the predefined inclu-
sion criteria were incorporated into the analysis. Data analysis was executed utilizing RevMan 5.4.1. Subgroup analyses 
were conducted based on various models, and overall effects were estimated using either the fixed effects model 
or the random effects model. The quality of evidence was evaluated using the Grading of Recommendations, Assess-
ment, Development, and Evaluation (GRADE) framework.

Results  A total of 33 studies were included in this study, involving 2716 medical undergraduates. The findings 
indicate that 3DPMs demonstrated significant advantages over the control group in theory test of the skeletal system 
with a moderate effect size (N = 646, P < 0.00001, I2 = 80%, SMD = 0.56, 95% CI 0.20—0.93, Random effect model).
Moreover, 3DPMs showed a moderate effect size advantage over the control group in laboratory tests with moderate 
effect size (N = 299, P < 0.00001, I2 = 0%, SMD = 0.57, 95% CI 0.34 – 0.80, Fixed effect model). Additionally, 3DP showed 
advantage over the control group in total tests with small effect size (N = 832, P = 0.20, I2 = 84%, SMD = 0.26, 95% CI 
-0.14–0.66, Random effect model).

Conclusion  3DPMs serve as a valuable adjunct to traditional teaching methodologies and have the potential 
to enhance both the theoretical understanding and practical laboratory skills of medical students. Nevertheless, cau-
tion must be exercised in interpreting the current findings due to variations in model types, low quality of included 
studies, and the limited number of studies with small sample sizes.
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Introduction
Undergraduate medical education is a complex and 
demanding field, characterized by a vast scope of knowl-
edge, intricate concepts, and the need for practical skills 
development [1]. The current curriculum encompasses a 
wide range of disciplines, from basic sciences to clinical 
medicine, which necessitating a comprehensive under-
standing of human anatomy, physiology, pathology, and 
disease processes [2, 3]. Medical students face numerous 
challenges in navigating this extensive curriculum. The 
sheer volume of information can be overwhelming, and 
the complex interplay of physiological systems requires a 
deep understanding of relationships and interactions [3, 
4]. Additionally, the transition from theoretical knowl-
edge to practical application can be challenging, par-
ticularly when it comes to developing clinical skills and 
decision-making abilities [5]. While traditional teaching 
methods, such as lectures and textbooks, provide foun-
dational knowledge, they may not fully engage students 
or facilitate a deep understanding of complex concepts. 
The static nature of textbooks and 2D images can make 
it difficult for students to visualize and conceptualize 
three-dimensional anatomical structures and relation-
ships [6, 7]. Furthermore, the lack of hands-on experi-
ence can hinder the development of practical skills and 
clinical reasoning [8, 9]. These challenges underscore the 
need for innovative teaching strategies and tools that can 
enhance learning and facilitate the acquisition of essen-
tial knowledge and skills in medical education [10].

In response to the challenges faced in medical educa-
tion, a variety of innovative technologies and methodolo-
gies have been developed and implemented, which has 
garnered significant attention. The exponential growth 
of 3DP technology has heralded a novel era in medi-
cal education, introducing an innovative teaching and 
learning resource [11–13]. It is widely utilized in the 
instruction of human anatomy, providing an interactive 
and visual learning experience [14], particularly benefi-
cial for understanding rarer and more complex clinical 
conditions [15–18]. 3DP facilitates the production of 
models with high anatomical accuracy, thereby enhanc-
ing surgical training by offering realistic [19], hands-on 
experience [20, 21]. This hands-on approach can sig-
nificantly improve the understanding and retention of 
complex concepts [22]. Three-dimensional printing 
(3DP) also allows for the creation of customized mod-
els that can be tailored to specific learning objectives or 
patient cases. This enables students to focus on specific 
areas of interest or explore unique pathologies, enhanc-
ing their learning experience. Manipulating 3DPMs can 
help students develop spatial reasoning skills and gain a 
better understanding of anatomical relationships. The 
3DPMs enable students to operate independently. This 

not only significantly improves classroom interaction and 
students’ learning motivation but also enhances teach-
ing quality. Moreover, it provides an effective training 
method, thus making up for the shortcomings of tradi-
tional teaching, which often fails to offer students suffi-
cient clinical practice opportunities [23]. Therefore, 3DP 
offers a promising solution to the challenges faced by 
undergraduate medical education. By providing a more 
effective and engaging learning experience, 3DPMs have 
the potential to enhance students’ understanding and 
retention of knowledge, ultimately preparing them to 
become competent and compassionate healthcare profes-
sionals. Novel, 3D printed learning tools were favored by 
medical students and elicited positive responses regard-
ing improved understanding and recognition of various 
anatomical structures [24].

A growing body of research has been focused on the 
role of 3DPMs in medical education, yet the findings 
remain inconsistent. The study reported in 2019 included 
60 s-year medical undergraduates to compare the effects 
of 3DPMs and 3D images(3DIs) on ventricular anatomy 
learning, and found that both 3DPMs and 3DIs could 
improve learners’ test scores, but there was no difference 
between them [25]. Two systematic reviews published 
in 2020 and one systematic review published in 2022 
also focused on the educational applications of 3DPMs 
in medicine, but there remain some problems worthy of 
attention [26–28]. Firstly, it is of paramount importance 
to note that the relatively small sample size employed 
in the existing studies presents a significant limitation. 
Such a restricted sample may fail to adequately represent 
the extensive and diverse population of undergraduate 
medical students. This lack of representativeness inher-
ently diminishes the statistical power and generalizability 
of the obtained results, casting doubts on the extent to 
which these findings can be extrapolated to the broader 
educational context. Secondly, a major concern lies in 
the methodological approach adopted by most of the 
included studies. The predominant use of self-reporting 
and satisfaction reports as the primary outcome meas-
ures is inherently flawed. These types of measures, while 
providing some insights, often lack the depth and objec-
tivity required to comprehensively evaluate the edu-
cational impact. Thirdly, the heterogeneity among the 
studies cannot be overlooked. The inclusion of different 
types of research designs, such as cohort studies and 
randomized control trials, along with a diverse range of 
participants spanning medical students, residents, and 
surgeons, introduces significant variability. This diver-
sity, rather than enriching the overall understanding, 
leads to a dilution of the results’ effectiveness. The lack 
of consistency in study design and participant character-
istics makes it arduous to draw definitive conclusions or 
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make reliable comparisons across studies. Finally, since 
the publication of the aforementioned articles, there has 
been a prolific outpouring of research in this domain. 
The recent spate of publications, as referenced by [15, 23, 
29–34], holds the potential to offer novel and valuable 
evidence regarding the application of 3DPMs in medi-
cal education. These new studies may address some of 
the existing shortcomings, introduce innovative method-
ologies, or present hitherto unexplored perspectives. In 
light of these considerations, our research endeavors to 
conduct a systematic evaluation of the role of 3DPMs in 
undergraduate medical education.

Consequently, the present study adopted a more 
refined approach by exclusively incorporating rand-
omized controlled trials (RCTs) that specifically targeted 
undergraduate medical students as the research partici-
pants. This strategic selection aimed to enhance the inter-
nal validity and relevance of the study, as undergraduate 
medical students constitute a crucial and homogeneous 
subgroup within the medical education domain. Moreo-
ver, to address the issue of substantial heterogeneity that 
had marred previous research efforts, subgroup analysis 
was meticulously conducted. This analysis was based on 
the diverse 3DPMs employed across different systems in 
medical education, allowing for a more nuanced explora-
tion of the impact and effectiveness of these models. By 
disentangling the effects associated with different model 
types, we sought to provide more precise and action-
able evidence to inform educational practice.​ In addition, 
this study took advantage of the burgeoning research 
landscape in this area. It systematically updated and 
incorporated a multitude of newly published RCT stud-
ies, thereby capitalizing on the latest advancements and 
insights. These novel contributions not only augmented 
the existing body of knowledge but also infused fresh and 
compelling evidence regarding the application of 3DPMs 
in medical teaching. This comprehensive update ensured 
that our research remained at the forefront of the field, 
capable of offering the most relevant and up-to-date 
guidance for educators and practitioners alike.

Methods
Eligibility criteria
The inclusion criteria were based on the preestablished 
PICOS framework. 1) Participants: Studies involving 
only medical undergraduates were included. 2) Inter-
vention: Studies that used 3DPMs as an intervention 
for the experimental group were included. 3) Compari-
son: Studies employing traditional teaching methods 
such as lectures, 2D images, 3D images, videos, and 
cadaver specimens, were included. 4) Outcome: Theo-
retical tests, clinical skills tests, learner satisfaction, accu-
racy, and learning time were considered as outcomes; 5) 

Study design: Only randomized controlled studies were 
included. In the case of a crossover design, only the data 
from the first phase was included.

Exclusion criteria
The exclusion criteria were as follows: 1) Studies involv-
ing non-undergraduate medical students, including 
medical residents, residents in standardized training, and 
surgeons, were excluded. 2) Intervention methods other 
than 3DPMs were excluded. 3) Those non-randomized 
controlled studies were also excluded.

Data sources
Five online databases, namely Medline (via PubMed), 
Embase (via Embase), CINAHL (via EBSCOhost), Web 
of Science and Scopus, were searched for all literature, 
regardless of language and publication region, from 
their inception to October 30, 2024. Other studies were 
screened by reading references that had been included 
in the study. A comprehensive search strategy was devel-
oped using medical subject headings (MeSH) and free-
text terms related to 3DP, medical education, and study 
design. All search strategies for each database have been 
peer-reviewed by informatics experts and were shown in 
Appendix 1.

Study selection
All retrieved records were imported into the Document 
Manager (EndNote X7). Following the removal of dupli-
cate entries, the titles and abstracts of literature records 
were screened by two authors (GLX and TW) based on 
the preestablished inclusion criteria of the PICOS frame-
work independently in order to exclude clearly irrelevant 
records. Subsequently, the full texts of the remaining 
records were examined in detail to select those that met 
the inclusion criteria. All stages of this process were 
meticulously documented. If the event of divergence dur-
ing the literature selection process, the final decision was 
reached through consultation with the third author (JLL). 
The collaborative methodology employed guaranteed a 
thorough and stringent literature selection procedure.

Data extraction
Data extraction was independently carried out by two 
authors (LD and FH) from included studies using a stand-
ardized data extraction form. The extracted data encom-
passed study characteristics (e.g., study design, sample 
size, and duration), participant characteristics (e.g., age, 
gender, learning experience, and pre—existing knowledge 
level), details of intervention (e.g., method, form, dosage 
and duration), details of comparison intervention, and 
outcome data (e.g., theoretical tests results, clinical skills 
tests scores, learner satisfaction level, accuracy rates, 
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and learning time). Throughout the data extraction pro-
cess, in the event that any missing data were identified, 
the original author was contacted via electronic email to 
retrieve the missing information.

Risk assessment for inclusion studies
The assessment of the risk of bias within the included 
studies was conducted by two independent authors (XZ 
and DL), employing the Medical Education Research 
Study Quality Instrument (MERSQI) [35] and the Risk 
of Bias in Systematic Reviews (ROB) tool [36]. The MER-
SQI was developed in 2007 within the context of a study 
investigating the relationship between funding and qual-
ity of medical education research. It was specifically 
designed to assess the methodological quality of experi-
mental, quasi-experimental, and observational studies 
[37]. The content domains and specific items were devel-
oped from literature concerning study quality and then 
iteratively revised. The definitive version of the MERSQI 
encompasses ten items grouped into six domains, namely 
study design, sampling institutions and response rate, 
type of data, data analysis, validity, and outcomes [35, 38]. 
The ROB tool, which is prevalently utilized in systematic 
reviews of randomized controlled trials, evaluates the 
bias risk across six aspects via seven evaluative. Selec-
tion bias is assessed via random sequence generation 
and allocation concealment to ensure proper participant 
allocation and hidden assignment. Performance bias is 
examined by implementing blinding procedures for both 
participants and personnel involved in the interventions. 
Detection bias focuses on blinding outcome assessment. 
Attrition bias relates to incomplete outcome data result-
ing from participant dropouts. Reporting bias checks for 
selective reporting. Other sources of bias, encompassing 
flaws in the study design, excessively small sample sizes, 
and the conspicuous omission of blinding implementa-
tion, were taken into account. Each item is judged as “low 
risk of bias”, “high risk of bias”, or “unclear”, a tripartite 
classification that is of paramount importance for evalu-
ating the quality and reliability of research within the 
context of systematic reviews. Any discrepancies were 
reconciled through deliberation or consultation with a 
third reviewer (LYL).

Data analysis
All the data analyses were carried out using Revman 5.4. 
For continuous data, the mean or mean difference (MD) 
and standard, along with 95% confidence interval (CI), 
were used. In accordance with the Cochrane criteria, 
an absolute standardized mean difference (SMD) value 
of approximately 0.2 signifies a small effect size, a value 
around 0.5 denotes a moderate effect size, and a value of 
0.8 or greater indicates a large effect size. Based on the 

results of the I2 statistic and chi-square test, either the 
random effects model or the fixed effects model was 
selected to evaluate the effect size. If the I2 statistic is 
greater than 50% and the result of chi-square test yielded 
a P less than 0.1, significant heterogeneity was considered 
to be present. The sources of heterogeneity were explored 
using subgroup analysis. The influence of heterogeneity 
on the results is discussed in the discussion section.

Subgroup analysis
During the research protocol design stage, an initial liter-
ature search was conducted to optimize the protocol. The 
consideration for subgroup analysis was primarily based 
on the following factors: 1. Different anatomical struc-
tures exhibit distinct characteristics, which might lead to 
varying teaching outcomes. 2. The complexity levels of 
different human anatomical systems vary, and this as well 
could result in diverse teaching effects. Therefore, sub-
group analyses were performed based on different parts 
or structures printed in the included studies, such as the 
skeletal system, nervous system, cardiovascular system, 
visceral system, oral system, fractures, congenital malfor-
mations, and pathological conditions.

Sensitivity analysis
During the critical phases of this study, encompassing 
literature collection, data extraction, and particularly 
data analysis, sensitivity analysis was employed to ascer-
tain the robustness of the research findings. In the data 
analysis phase, robustness was assessed by altering the 
model of the combined effect size, specifically through 
the transformation between the random effects model 
and the fixed effects model. Furthermore, Stata soft-
ware was utilized to systematically exclude each included 
study, recalculating the effect size after each exclusion to 
evaluate the extent of change and assess the robustness of 
the results. The comprehensive procedures and method-
ologies employed are detailed in Appendix  1(Appendix 
Table 1).

Publish bias
According to the established guidelines, the results of a 
publication bias analysis are deemed reliable only when 
more than ten studies report the same outcome measure. 
In this investigation, only eight studies reported theoreti-
cal test results of the specified outcome measure. Conse-
quently, an analysis of publication bias analysis was not 
conducted.

Evaluation of evidence quality
The Grading of Recommendations Assessment, Devel-
opment, and Evaluation (GRADE) framework was used 
to evaluate the quality of the evidence. Evidence was 
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classified into four quality grades: high, medium, low, and 
very low, according to five categorization factors, includ-
ing risk of bias, imprecision, inconsistency, indirectness, 
and publication bias.

Results
Characteristic of studies of included
A total of 33 studies were included in the present study, 
involving 2716 medical undergraduates. All 33 articles 
included in the present study were initially part of the 
qualitative analysis. Of these, 11 articles reported out-
come measures suitable for quantitative analysis and 
were therefore incorporated into the quantitative analy-
sis as well. Conversely, the remaining 22 articles were 
limited to qualitative analysis due to the absence of data 

amenable to quantitative analysis. Attempts were made to 
contact the original authors of these 22 articles via email. 
By the time of submission, responses were received from 
ten authors, who confirmed that they had not collected 
the necessary data for quantitative analysis. The remain-
ing 12 authors did not respond. The detailed literature 
screening process is illustrated in Fig. 1.

The basic characteristics of the included studies are 
shown in Table 1. Seven studies included first-year medi-
cal students [39–45] four studies included second-year 
medical students [25, 30, 46, 47], three studies included 
third-year students [32, 33, 48], five studies included 
fourth-year medical students [14, 23, 29, 31, 34], two 
studies included five-year medical students and interns 
[24, 49]. One study included 6-year students [50], one 

Fig. 1  Flow diagram of the study selection process
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study included medical students from years 1 to 3 [51] 
and one study included senior undergraduate students 
[15]. Eight studies included medical students but did not 
report the grade of medical students [8, 52–58].

The intervention methods of the experimental group 
included 3DPMs alone and 3DPMs combined with other 
teaching methods, as follows: Twenty-one studies used 
3DPMs alone as the intervention for the experimental 
group [8, 24, 25, 32, 33, 39–45, 47, 48, 50, 53–58], two 
studies used 3DPMs plus CBL [15, 31], one study used 
3DPMs combined with CBL and PBL [34]. Other inter-
ventions included 3DP plus PPT [52], 3DP plus oral 
teaching [49], 3DPMs plus CT or MRI images [14, 23]. 
3DPMs encompass a wide range of anatomical and path-
ological representations, including CLP models, cranio-
synostosis models, foot ulcer models, ear models, knee 
joint models, skull models, Henle trunk models, cerebral 
models, bladder models, hip joint models, cerebrovascu-
lar disease models, gynecological pelvic models, hepatic 
segment models, spine models, plastic surgery models, 
sagittal synostosis models, spine fracture models, pelvic 
fracture models, tracheobronchial tree models, cardiac 
models, tooth models, fracture models, respiratory sys-
tem models, ventricular system models, and tetralogy 
of Fallot models. These models primarily pertain to the 
skeletal, cardiovascular, respiratory, plastic surgery, nerv-
ous, and oral systems. The model data of 10 studies were 
derived from the imaging data of real cases, of which 8 
studies used the imaging data of patients to construct 
the model [14, 15, 24, 31, 49, 53, 57, 58], and 2 stud-
ies used the data of normal healthy people to construct 
the model [25, 45]. Of all the studies, only four studies 
reported expert evaluation of the 3DPMs before their use 
[25, 45, 49, 59]. Five studies reported the time cost of the 
3DPMs, ranging from 4–6 h to 30 h [25, 30, 48, 52, 59]. 
One study reported that the processing time usually takes 
3 to 7 days from the data extraction of CT or MRI scans 
to the model completion [49]. Five studies reported the 
material cost of the 3DPMs from 10 to 20 Euro or $14 
to $281.61 [25, 30, 47, 48, 53], one of which mentioned 
that although the material was cheap, 3DP machines are 
expensive [43]. Two studies reported students’ evaluation 
of 3DPMs [44, 47], including whether they should be rec-
ommended to others, whether it can improve academic 
performance and other evaluation content, and one study 
reported that polymer-based 3DPMs were deemed less 
life-like and less realistic, especially regarding the finer 
details —for example the margin of the fossa ovalis was 
not prominent in the cardiac 3DPMs compared to its 
plastinate [44].

The intervention methods of the control group 
included solely traditional teaching methods, traditional 
teaching methods combined with MRI or CT, cadaveric 

models, lectures, 2DIs, 3DIs, PBL, self-study, CBL, three-
dimensional visualization(3DV), plastinated specimens, 
and E-Learning-Supported Education.

Outcome measures used included theoretical tests, 
clinical skills tests, learner satisfaction, accuracy, and 
learning time. The question types of theory tests mainly 
include single choice questions, multiple choice ques-
tions, short answer questions, noun interpretations, and 
medical record analysis and so on. Clinical skills tests 
(lab tests) included labeled structures to be recognized, 
history taking, medical record writing, imaging reading, 
choosing the surgical plan, and preparing an inlay. Total 
tests used in included studies included the theoreti-
cal score plus the practical score, and some studies also 
include the learner’s satisfaction and learning confidence.

Among the included studies, only seven studies 
observed the follow-up effects of 3DPMs [32, 34, 43, 45, 
46, 50, 51], which were followed up for 5 days, 2 weeks, 
1 month, 6 weeks, and 3 months, while the other studies 
only observed the short-term effects of 3DP, that is, the 
immediate effects after the completion of learning.

The quality of the studies included
According to the MERSQI, the quality of the stud-
ies included was expressed by the actual score stacking 
plot (Fig.  2A, Table  2) and the percentage stacking plot 
(Fig. 2B). All studies included were designed using RCT. 
For the entry of sampling: institutions (Number of insti-
tutions refers to the origin of study participants), only 
two studies involved participants from two institutions 
[24, 52], considered as 1 point. The remaining 31 stud-
ies involved participants from a single institution. The 
proportion of those enrolled who completed the inter-
vention evaluation was more than 75% in all studies 
included. The type of data in 29 studies was considered 
objective [8, 14, 24, 25, 29–34, 39–43, 45, 47, 48, 50, 51, 
53–59], and 4 studies that used only participants’ assess-
ment data were not considered objective [44, 46, 49, 52]. 
Four studies did not measure a psychological construct 
and there was no instrument to rate (e.g., gender as the 
sole outcome), so the term “not applicable” was used to 
evaluate the “Validity evidence for evaluation instrument 
scores” [24, 39, 45, 51]. In terms of data analysis methods, 
only 1 study used only descriptive statistical reports [44], 
and the other studies all used statistical inference tests. 
All studies were considered as “Data analysis appropriate 
for study design and type of data”. Five studies used satis-
faction, attitudes, perceptions, opinions, general facts as 
outcomes [33, 44, 46, 49, 50] and 27 studies used knowl-
edge/skills (paper, computer, simulation, or patients in a 
nonauthentic setting) as outcomes.

In accordance with the ROB tool, within the included 
studies, only 11 studies reported the methods of random 
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sequence generation [8, 23, 25, 29, 31, 42, 44, 53–55, 59]. 
These methods encompassed the generation of random 
numbers via computer algorithms, the use of random 
number tables, and the practice of drawing lots. Con-
sequently, these studies were classified as presenting a 
low risk with respect to Random sequence generation. 
Regarding allocation concealment, only 2 studies pro-
vided relevant reports, and were therefore assigned a 
low risk in this entry [29, 48]. In terms of blinding of par-
ticipants and personnel, only 5 studies reported subject 
and intervenor blindness in the study [34, 40, 42, 44, 48], 
which were considered as a low risk for this aspect. When 
addressing blinding of outcome assessment, only 2 stud-
ies reported the outcome assessment blindness [42, 48], 
which were considered as a low risk for the blinding of 
outcome assessors. Regarding the items lacking explicit 
reports, all of them were considered assigned a rating of 
“unclear”. In the domain of other biases, the majority of 
studies were regarded as at high risk. This was mainly due 
to their small sample sizes and substandard methodologi-
cal approaches. A comprehensive visualization of these 
detailed results can be found in Fig. 3.

The effective of 3DPMs for Theoretical tests
Eight studies reported the effectiveness of 3DPMs for 
theoretical tests [15, 25, 31, 42, 47, 48, 56, 58]. According 
to the different models of 3DP, a subgroup analysis was 
conducted based on different 3DPMs. The results showed 
that 3DPMs group had advantages over the control group 
in the learning of the anatomical structure and pathologi-
cal structure of the skeletal system with moderate effect 
size (such as skull structure, spine, upper limb, lower 

limb, pelvis, hip joint) (N = 646, P < 0.00001, I2 = 80%, 
SMD = 0.56, 95% CI 0.20—0.93, random effects model), 
while there was no difference between 3DPMs and the 
control group in the learning of orthopedic models, car-
diovascular structure and dental structures (Fig. 4A).

The effect 3DPMs for lab tests
Four studies reported the effectiveness of 3DPMs for 
lab tests [29, 31, 48, 56]. The results showed that 3DPMs 
group had advantages over the control group for lab 
tests with moderate effect size (N = 299, P < 0.00001, I2 = 
0%, SMD = 0.57, 95% CI 0.34–0.80, fixed effects model, 
Fig. 5A).

The effect 3DP for total tests
Six studies reported the effectiveness of 3DPMs for total 
tests [24, 25, 31, 48, 55, 57]. The results showed that 
there was insufficient evidence to suggest that 3DPMs 
improved the performance of ungraduated medical stu-
dents with a small effect size (N = 832, P = 0.20, I2 = 84%, 
SMD = 0.26, 95% CI − 0.14–0.66, random effects model, 
Fig. 6A).

Sensitivity analysis
The detailed procedures and measures implemented 
are presented in Appendix 1 Table 1. In the data analy-
sis phase, the robustness of the findings was evaluated 
using Stata software (version 15.0) to reassess the effect 
size after the exclusion of individual studies. This proce-
dure aimed to ascertain whether the exclusion resulted 
in significant alterations in the results. A significant 
alteration would imply that the excluded study exerted a 

Fig. 2  A Medical Education Research Study Quality Instrument (MERSQI) scores for each study. B Risk of bias graph: review authors’ judgements 
about each risk of bias item presented as percentages across all included studies
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considerable impact on the findings, whereas the absence 
of such change would indicate robustness. The analysis 
revealed that the exclusion of any single study did not 
result in significant alterations to the results, thereby 
confirming their robustness (Fig. 4B, Fig. 5B, Fig. 6B).

Publication bias
According to the guidelines, publication bias results are 
reliable only if more than ten studies report the same 
outcome measure. In present study, only eight stud-
ies reported a theoretical test of the outcome measure, 

so publication bias analysis was not performed. The 
research team concluded that there was publication bias, 
which was mainly due to the small number of included 
studies.

Quality level of evidence
Owing to the suboptimal quality of the studies included 
in the analysis, the evidence supporting the assertion that 
3DPMs of orthopedic models may moderately improve 
the theoretical performance of medical students has been 
downgraded to moderate level. While 3DPMs exhibited 

Table 2  Medical Education Research Study Quality Instrument (MERSQI) Scores for each study

Study ID Study design Sampling: 
institutions

Sampling: 
response 
rate

Type of data Validity 
evidence for 
evaluation 
instrument 
scores

Data analysis: 
sophistication

Data 
analysis: 
appropriate

Outcome Total

AlAli 2018 [52] 3 1 1.5 1 1 2 1 1.5 12

Al-Badri 2022 [50] 3 0.5 1.5 3 3 2 1 1 15

Banwell 2021 [46] 3 0.5 1.5 1 3 2 1 1 13

Brumpt 2024 [33] 3 0.5 0.5 3 3 2 1 1 14

Cai 2019 [39] 3 0.5 1.5 3 NA 2 1 1.5 12.5

Chen 2017 [48] 3 0.5 1.5 3 1 2 1 1.5 13.5

Chen 2020 [24] 3 1 1.5 3 NA 2 1 1.5 13

Cheng 2020 [49] 3 0.5 1.5 1 3 2 1 1 13

Dalgalı 2024 [32] 3 0.5 1.5 3 3 2 1 1.5 15.5

Fan 2019 [40] 3 0.5 1.5 3 3 2 1 1.5 15.5

Feng 2024 [31] 3 0.5 1.5 3 3 2 1 1.5 15.5

Jiang 2022 [59] 3 0.5 1.5 3 3 2 1 1.5 15.5

Kiesel 2022 [8] 3 0.5 1.5 3 3 2 1 1.5 15.5

Kong 2016 [45] 3 0.5 1.5 3 NA 2 1 1.5 12.5

Láinez Ramos-
Bossini 2024 [30]

3 0.5 1.5 3 3 2 1 1.5 15.5

Lane 2020 [47] 3 0.5 1.5 3 2 2 1 1.5 14.5

Li 2015 [53] 3 0.5 1.5 3 3 2 1 1.5 15.5

Lim 2016 [41] 3 0.5 1.5 3 3 2 1 1.5 15.5

Mogali 2022 [42] 3 0.5 1.5 3 3 2 1 1.5 15.5

Nicot 2022 [54] 3 0.5 1.5 3 3 2 1 1.5 15.5

O’Brien 2021 [51] 3 0.5 1.5 3 NA 2 1 1.5 12.5

Ochoa 2019 [43] 3 0.5 1.5 3 3 2 1 1.5 15.5

Radzi 2022 [44] 3 0.5 1.5 1 3 1 1 1 12

Su 2018 [55] 3 0.5 1.5 3 3 2 1 1.5 15.5

Wang 2017 [57] 3 0.5 1.5 3 3 2 1 1.5 15.5

Wang 2020 [56] 3 0.5 1.5 3 1 2 1 1.5 13.5

Wu 2018 [58] 3 0.5 1.5 3 1 2 1 1.5 13.5

Yan M 2023 [14] 3 0.5 1.5 3 3 2 1 1.5 15.5

Yan X 2023 [34] 3 0.5 1.5 3 1 2 1 1.5 13.5

Yi 2019 [25] 3 0.5 1.5 3 3 2 1 1.5 15.5

Zeng 2024 [29] 3 0.5 1.5 3 3 2 1 1.5 15.5

Zhang 2024 [23] 3 0.5 1.5 3 3 2 1 1.5 15.5

Zhao 2024 [15] 3 0.5 1.5 3 3 2 1 1.5 15.5



Page 12 of 21Xie et al. BMC Medical Education          (2025) 25:826 

a moderate effect on enhancing both laboratory test and 
overall test performance among medical students, the 
overall quality of evidence was further downgraded by 
two levels to low. This downgrade is attributed to the 
poor quality of the included studies and the limited sam-
ple sizes.

Discussion
This study provides a systematic review and meta-anal-
ysis of the application of 3DPMs in medical student 
education, with the results showing that 3DPMs may 
promote the theoretical test performance and lab test 
performance of medical students with a moderate effect 
size. The results will provide theoretical basis, new ideas 
and directions for the application of 3DPMs in medical 
education, as well as directions for improvement for 3DP 
technology developers. However, due to the small num-
ber of studies included in quantitative analysis, their poor 
quality, and small sample size, caution should be exer-
cised when interpreting the results.

The results of this study show that for theoretical per-
formance, 3DPMs of the skeletal system can significantly 
improve learners’ theoretical performance; however, 
there was considerable variability in the results. The rea-
sons considered are as follows: First, among the included 
studies, a notable degree of heterogeneity was observed 
among the subjects. Given that students at different aca-
demic levels possess distinct knowledge reserves, this 
variation inevitably gives rise to heterogeneity in the 
research outcomes. The differences in prior knowledge 
can significantly influence how students engage with 
the study materials and respond to the interventions, 
thereby affecting the comparability and generalizability 
of the results. Second, there were disparities in the 3DP 
materials and printing accuracy leading to variations in 
the realism and precision of the models. These factors, 
combined with the differences in the control groups, con-
tribute to the heterogeneity of the statistical results. The 
lack of standardization in these aspects makes it chal-
lenging to draw consistent and reliable conclusions from 
the collective body of research. Finally, different studies 
adopted diverse outcome indicators to assess students’ 
academic performance. Some studies utilized multiple-
choice questions, while others relied on single-choice 
questions or open-ended questions. Each type of assess-
ment tool has its own strengths and limitations, and the 
choice of outcome indicator can significantly affect the 
measurement of students’ learning outcomes. This diver-
gence in outcome indicators also results in heterogeneity 
in the research results, as different assessment methods 
may capture different aspects of students’ knowledge and 
skills.

Fig. 3  Risk of bias summary: review authors’ judgements about each 
risk of bias item for each included study
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Fig. 4  A Meta-analysis of theory test of 3DPMs compared with control and B Sensitivity analysis of theory test of 3DPMs compared with control 
for Skeletal Models
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Nevertheless, there is a lack of evidence indicating that 
cardiovascular, plastic, and dental 3DPMs significantly 
enhance learners’ academic performance. The reasons 
considered are as following: First, four studies used bone 
models with a total sample size of 646, while the above 
models were only used in one or two studies. Therefore, 
the small sample size may be the reason for the negative 
results. Second, structural complexity of different 3DPMs 
between studies may also lead to different results [60]. 
Prior research indicates that anatomical complexity can 
modify the effectiveness of educational tools on learn-
ing and performance outcomes [60–62]. In this study, the 
3DPMs used were diverse and varied in their complexity 

(bone models, heart models, plastic surgery models and 
tooth models), which may also have led to inconsistent 
results. It was reported that 3DPMs of the upper and 
lower limbs did not significantly improve learners’ per-
formance compared to the control group, while 3DPMs 
of the pelvis and spine significantly improved learners’ 
performance on theory tests [58]. Furthermore, Studies 
have shown that for medical students, the learning diffi-
culty of normal human anatomy is much lower than the 
pathological state of clinical patients [15, 53, 58]. In the 
results of this quantitative analysis, only 8 studies used 
medical cases as the data source for 3DPMs, which may 
may have results in insufficient power of the results. 

Fig. 5  A Meta-analysis of lab test of 3DPMs compared with control and B Sensitivity analysis of lab test of 3DPMs compared with control
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Finally, the situation of different control groups may also 
lead to this result. As the previous research results show, 
there is no difference between 3DPMs and cadaveric 
skull models, 2D atlases or 2DIs, but there are obvious 
differences between 3DPMs and lectures. In the results 
of this quantitative analysis, the control intervention 
included cadaveric skull, the 2D atlases, CBL, Traditional 
radiographic image, PPT + 3DIs, plastinated specimens, 
traditional teaching, and PPT, which led to inconsistent 
results.

The results of this study show that 3DPMs may 
improve the lab test of medical undergraduates with 

moderate effect size, but there is no evidence that 3DPMs 
can significantly improve the total test. The inconsistency 
in results, as we considered, is related to the diversity of 
total scores and lab test assessment methods. In the stud-
ies that included quantitative analysis, the assessment 
methods of lab scores and total scores are diversified. In 
terms of the assessment of lab scores, they include mark-
ing bone marks, inlay preparations, and completing test 
items. In the evaluation of the total score, some stud-
ies add the theoretical scores and practical scores to get 
the total score, while some studies not only calculate the 
theoretical scores and practical scores but also include 

Fig. 6  A Meta-analysis of total test of 3DPMs compared with control B Sensitivity analysis of total test of 3DPMs compared with control
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the learner’s satisfaction and the evaluation of the model 
into the total score. This may lead to the inconsistency 
of results due to the diversity of forms and contents of 
score evaluation, and also cause the inconsistency of total 
results and lab score. Combined with the results of meta-
analysis, the P-value and SMD of the 3DPMs group were 
0.20 and 0.26 respectively compared with the control 
group in terms of total scores. There is no evidence that 
the intervention group is actually better than the con-
trol group; therefore, this result needs to be treated with 
caution, and further research may be needed to confirm 
the stability and authenticity of this small effect size. For 
example, increasing the sample size, improving the study 
design, or conducting subgroup analyses could be done 
to more accurately assess the effect of the intervention.

The sensitivity analysis showed that after each study 
was sequentially deleted, there was no impact on the 
final results. Therefore, the heterogeneity between stud-
ies mainly arises from the subjects, intervention meth-
ods, controls, outcome indicators and other aspects. 
First of all, in the studies included in quantitative analy-
sis, although all included medical students, there was 
obvious heterogeneity among the studies due to the dif-
ferences in the knowledge reserve of included learners 
and the educational level in different regions. Secondly, 
the use of different 3DPMs in the intervention group, 
different 3D printing techniques and different resolu-
tions also contributed to heterogeneity between studies. 
Moreover, the intervention methods of the control group 
were also diverse, such as 3DIs, 2DIs, and cadaver speci-
mens, which also resulted in the existence of heterogene-
ity. Finally, the studies included in quantitative analysis 
also have different testing methods for outcomes. From 
the form of test questions, some only have single choice, 
while others include single choice, multiple choice, short 
answer and medical record analysis questions, which 
were also an important source of heterogeneity.

When using 3DPMs, the accuracy of data sources (such 
as resolution, layer thickness of CT or MRI images), 
printing materials, and whether there are clear marks 
will all affect the effect of 3DPMs on academic perfor-
mance. In this study, the resolution and layer thickness 
of pictures are quite different, and the printing materials 
are also different. This results in less consistency between 
studies, which may affect the strength of the data results. 
Learners’ basic knowledge and early knowledge reserve 
will affect the teaching effect. In this study, only 5 stud-
ies took some measures to ensure a similar baseline level 
of knowledge on the subject [25, 31, 39, 42, 52], such as 
excluding subjects with scores greater than 50% through 
pre-test [52], only students with no prior knee-related 
anatomical knowledge at the time of recruitment were 
selected for the study [39].

Among the included studies, only seven studies had 
follow-up ranging from 5 days to three months [32, 34, 
43, 45, 46, 50, 51]. The findings from these studies are 
inconsistent. Some studies suggest that 3DPMs enhances 
short-term learning outcomes compared to traditional 
teaching methods, although its long-term effects have 
yet to be confirmed [32, 43]. Conversely, other studies 
indicate that 3DPMs can improve both short- and long-
term learning outcomes [46, 50]. Nonetheless, a consist-
ent finding across these studies is that 3DPMs positively 
impacts learners’ cognitive anxiety and confidence in 
learning.

There are many confounding factors in the learning 
process, such as learning motivation, previous learning 
experience, curiosity about new things, etc. In one study, 
baseline data were collected on students’ previous expo-
sure to 3DPMs and through the assessment of students’ 
spatial representation skills through a mental rotation 
test [50]. The influence of learners’ motivation on learn-
ing results should not be ignored. It is believed that stu-
dents who can actively participate in this kind of research 
project have a relatively positive learning attitude, and 
when they are included in the research, they will cher-
ish the learning opportunity [25, 48], which also affects 
the validity of the results. Besides, anatomical complex-
ity may be a key confounder of learning and performance 
outcomes, as Wu’s research shows that no significant 
differences were found in the upper limb or lower limb 
test scores between the 3DPMs group and the tradi-
tional radiographic image group; however, the scores on 
the pelvis and spine test for the traditional radiographic 
image group were significantly lower than the those for 
the 3DPMs group [63].

In addition to improving the quality of teaching, we 
are also concerned about the cost of equipment, materi-
als and time. In this study, only five studies reported the 
cost of materials and time, and no study reported the 
cost of equipment. In the studies included in this project, 
the processing time of 3DPMs was reported to be the as 
short as 4–5 h and as long as 3–7 days, while the material 
cost was the as lower as $14 and as high as $281.61. It was 
previously reported that the 3DPMs was not time-effec-
tive and the costs of specialized printing machine and the 
bioinks were still too high to be affordable, especially for 
the underdeveloped areas [64, 65]. This also limits the 
application of 3DPMs in medical education to a certain 
extent.

It should be emphasized that successful 3DPMs require 
careful design and conception, especially models that 
can be assembled or models that add biomechanical ele-
ments. Successful design comes from years of clinical 
work, the accumulation of teaching experience, as well as 
repeated speculation and reflection. At the same time, the 
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successful production of the model also needs the assis-
tance and guidance of professional and technical person-
nel. Therefore, we should make it clear that 3DPMs are 
only an auxiliary teaching means; Its successful applica-
tion can significantly improve the teaching effect, but we 
cannot ignore the advantages of traditional teaching.

Strengths and limitations
This study was conducted in strict accordance with the 
guidelines to ensure the reliability of the results. Firstly, 
the retrieval strategy was adjusted several times by pre-
inspection to ensure the comprehensiveness and accu-
racy of literature retrieval. Secondly, in the process of 
literature screening, quality assessment and data extrac-
tion, two researchers independently completed the pro-
cess and consulted with the third experienced researcher 
to obtain a consensus result. Thirdly, in the process of 
data analysis, subgroup analysis, sensitivity analysis and 
other methods were used to explore the factors affect-
ing the results and the sources of heterogeneity, so as to 
ensure the reliability and validity of the results.

In addition to the above advantages, there are still some 
problems that need our consideration in this study. First 
of all, although the subjects included in this study are all 
medical students, the differences in medical education 
mode, medical education level and curriculum in each 
country and region could have affected the stability, vali-
dation, and generalization of the final results. Secondly, 
the different 3DP equipment used in the study, the dif-
ferent materials, the different printing parts, and the 
different precision of the data images led to the great 
heterogeneity among the 3DPMs. Also, the printing 
model and image data did not include analysis of mus-
cles and neurovascular tissue surrounding the model, 
without which the model cannot completely represent 
a pathological condition. The precision of 3DPMs will 
affect the learning effect of learners. In this study, only 2 
studies evaluated 3DPMs, which might lead to the exist-
ence of heterogeneity. Thirdly, different control teaching 
methods, including 2DIs, 3DIs, 3D visualization, cadaver 
specimens, lectures, etc., also led to the existence of out-
come heterogeneity. Moreover, although all the stud-
ies included in this study were randomized controlled 
studies, only two studies reported blind methods, and 
only 2 studies were multi-center studies, resulting in the 
included studies being mostly identified as high risk in 
the assessment of risk bias, which affected the reliability 
of the results. In addition, it should be noted that among 
the included literatures, only a small number of articles 
reported the data we desired for quantitative research. By 
contacting the original authors, we did not obtain all the 
data required for the quantitative analysis of this study. 
Therefore, the power of the results of this study needs 

to be further verified. Finally, it is imperative to empha-
size that in the original studies included in this research, 
most of the outcome evaluation indicators are either self-
reported or subjectively judged by the evaluators. The 
inconsistent cognitive differences and evaluation criteria 
among different individuals may also lead to some devia-
tions in the results, thereby affecting the accurate assess-
ment of the effects of 3DPMs.

Future research direction
In future research, when using the 3DPMs for medi-
cal education, we may pay attention to the following 
aspects. Firstly, in the practical application context, the 
time and material costs are the top concerns for medi-
cal educators. Nevertheless, only five out of the incorpo-
rated studies have addressed the time cost. Precisely, the 
time span required varies remarkably, stretching from a 
minimum of 4–6 h to a maximum of 30 h. According to 
one of the studies, commencing from the acquisition of 
CT or MRI scan data and concluding with the finaliza-
tion of the 3DPM suitable for medical instruction, the 
entire processing pipeline generally demands 3 to 7 days. 
Regarding the material cost, four studies likewise fur-
nished pertinent information. The expenditure on mate-
rials for 3DPMs lies within the interval of 10 to 20 euros 
or 14 to 281.61 US dollars. Notably, one study accentu-
ated that while the direct material cost for model printing 
is relatively moderate, the financial outlay for procuring 
3DP machines is considerably high, imposing an undeni-
able economic strain on medical education institutions 
intending to adopt this technology. Consequently, due 
to the cost of time and materials, future research can be 
optimized from the following aspects. On the one hand, 
the production process of 3DPMs dedicated to medical 
education can be deeply optimized to minimize the time 
spent in the process from medical image data extrac-
tion to model production, thereby effectively improv-
ing the efficiency of teaching preparation and ensuring 
that 3DPMs can serve medical teaching practice in a 
more time saving manner. Secondly, make every effort to 
explore the material replacement strategy that meets the 
needs of medical education and is more cost-effective. On 
the basis of fully guaranteeing the quality requirements 
such as the accuracy and fidelity of 3DPMs, effectively 
reduce the material procurement cost and the compre-
hensive cost of equipment acquisition and maintenance, 
and open up an economic and feasible way for the pop-
ularization of 3DP technology in medical education; 
Thirdly, systematically and deeply explore the impact of 
different time input and material cost input modes on the 
final teaching performance of 3DPMs in medical educa-
tion scenarios, such as the effect of the model on assisting 
students to understand complex anatomical structures, 
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improving practical operation skills, and actual teaching 
application effectiveness. Thus, it can provide an accurate 
and scientific cost–benefit reference basis for medical 
educators to make optimal decisions when using 3DPMs.

Develop and utilize materials that more closely mimic 
the mechanical properties of human tissues, such as 
elasticity, flexibility, and haptic feedback. These materi-
als will make the models more realistic and enhance the 
learning experience. Explore the use of multi-material 
3DP techniques to create models with varying proper-
ties, allowing for the representation of different tissues 
within a single model. The tactile and visual advantages 
provided by these models allow students to have physi-
cal access to anatomical structures, greatly improving 
their understanding of complex theoretical knowledge 
[19]. Future advances in implementing 3DP in medi-
cal education could include the development of printing 
devices that allow rapid onsite printing in the teaching 
hospital and the development of 3DPMs that mimic the 
haptic characteristics of specific tissue (i.e., nerves, arter-
ies, muscles) [53] It was reported that sight and touch are 
linked in a cross-modal arrangement in the somatosen-
sory cortices, suggesting that they are mutually enhanc-
ing [66],which can improve the learner’ performance 
scores. Furthermore, the integration of these haptic 
models into a progressive clinical curriculum is likely to 
enhance comprehension by contextualizing haptic-visual 
data and facilitating the precise exploration of specific 
competencies that students are expected to acquire, such 
as biomechanical concepts [54]. Designing models with 
interactive elements, such as removable parts or adjust-
able components, enables exploration and manipulation, 
thereby potentially increasing engagement and under-
standing of complex anatomical relationships. It is very 
important that when applying 3DPMs, their precision 
should be evaluated so as not to affect the learning per-
formance of learners.

Case-based models such as fracture model, congenital 
malformation model, vascular disease model, especially 
for rarer and more complex situations, use cases as a basis 
and put empty theories into the context of specific cases 
for exposition. It has been reported that most cadaver 
specimens and plasticized models have normal anatomy 
and cannot be used for the study of pathological condi-
tions; however, the use of 3DPMs offers the possibility of 
contextualizing the course by selecting the desired patho-
logical structure [41]. 3DPMs can be obtained from inter-
esting cases encountered in clinical practice, which can 
provide diverse pathological changes and strengthen the 
connection between learners’ basic knowledge and clini-
cal practice [67].

This ensures that the models are tailored to the needs of 
the students and the curriculum. Students’ engagement 

and interest can be increased through the combination 
of visual and tactile use of 3DPMs and dynamic learn-
ing experience in the CBL teaching method. At the same 
time, instructors can introduce active learning and criti-
cal thinking into the traditional classroom, guiding stu-
dents to analyse problems and explore solutions in a 
more holistic manner and improving overall teaching and 
learning outcomes [19, 31].

The confounding factors of learning effect cannot be 
ignored. In previous studies, students applied and were 
randomly selected for inclusion in the study. The selected 
students may cherish this opportunity very much and 
study hard. When students in the control group realized 
that they weren’t selected to use the 3DPMs, they were 
likely to work harder to get better scores [25, 48], which 
leads to a significant reduction in the difference between 
the two groups. Therefore, when evaluating the role and 
effect of 3DP in medical education, the influence of learn-
ing motivation on the outcome should be considered. 
Novel interventions usually arouse participants’ curiosity 
and lead to better results [68]. In addition, prior exposure 
to 3DP printing should be considered in the evaluation of 
medical education outcomes. In view of the impact of dif-
ferent cognitive loads and anatomical complexity on the 
teaching effect of 3D printing [61–63]. Future studies will 
work to identify the impact of 3DP on anatomy learning 
of a variety of anatomical regions in an effort to identify 
the ideal niche to maximize learning with 3D print expo-
sure. Additionally, it was also important to note that 3DP 
involved complex processes and some structures may be 
lost during printing or post-printing procedures such as 
removing and cleaning the support materials. Hence, the 
structural variations and extent of damaged structures in 
the cadaveric and 3DP materials were noteworthy to con-
sider while planning the trials [48].

Evaluating the effectiveness of 3DPMs in medical edu-
cation requires a comprehensive approach that considers 
various aspects of learning and engagement. The Pre- 
and Post-Testing of the 3DPMs to measure changes in 
knowledge acquisition and retention. This can be done 
using written exams, multiple-choice questions, or prac-
tical assessments. Evaluate students’ practical skills, such 
as surgical techniques or diagnostic procedures, using 
3DPMs. This can be done through simulations, observa-
tions, or assessments of model modifications. Case Stud-
ies and Problem-Solving Exercises: Assign case studies 
or problem-solving exercises that require the applica-
tion of knowledge gained from using 3DPMs. This can 
assess the ability to transfer knowledge to real-world 
scenarios. Collect feedback from students through sur-
veys or interviews to assess their engagement, motiva-
tion, and satisfaction with the use of 3DPMs. This can 
provide valuable insights into the impact of the models 
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on the learning experience. Compare the effectiveness of 
3DPMs with other teaching methods, such as lectures, 
textbooks, or computer simulations. This can help deter-
mine the unique advantages and limitations of 3DPMs. 
Conduct follow-up surveys with students after they have 
completed the course to assess the long-term impact of 
3DPMs on their learning and retention of knowledge. 
Assessment of the potential learning curve of 3D model-
based learning would require a longitudinal study of 3D 
use over time compared to 2D traditional learning [51]. 
When outcome evaluations are conducted, objective out-
come indicators should be strived to be used. Alterna-
tively, when subjective outcome indicators are employed, 
strict and unified evaluation criteria should be estab-
lished so that the influence of subjective factors can be 
minimized and the reliability of the research findings can 
be enhanced.

Conclusion
3DPMs serve as a valuable adjunct to traditional teaching 
methodologies and have the potential to enhance both 
the theoretical understanding and practical laboratory 
skills of medical students. Nevertheless, caution must 
be exercised in interpreting the current findings due to 
variations in model types, low quality of included stud-
ies, and the limited number of studies with small sample 
sizes. To establish more robust evidence regarding the 
impact of 3DPMs on medical education, there is a need 
for well-designed, large-scale, multicenter RCTs with 
adequate follow-up periods.
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