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Abstract

Objectives: The aim of this study was to investigate radiography students’ perceptions
of the usefulness of hands-on 3D-printed models for supporting their understanding of
key image quality concepts in magnetic resonance imaging (MRI). Students’ views on the
perceived contribution of these models to their learning experience, confidence, and inde-
pendent learning were also evaluated. Methods: This questionnaire-based study included
79 students. Three 3D-printed MRI model sets were designed and fabricated for use in
hands-on teaching sessions. Following the sessions, participants completed a seven-item
questionnaire divided into two sections. The first section assessed students” perceptions
of the teaching value of each model set, whereas the second section assessed students’
perceived learning benefits. Likert-scale responses were summarized descriptively, and the
internal consistency of the seven-item questionnaire was assessed using Cronbach’s alpha.
Results: In terms of the perceived teaching value of the models, the highest proportion
of “strongly agree” responses were observed for pixel-voxel dimensionality and voxel
geometry model sets, with 58 (73.4%) and 55 (69.6%), respectively. Regarding students’
perceived learning benefits, students strongly agreed that the 3D-printed MRI models sup-
ported their confidence, independent learning, and learning experience in understanding
MRI image-quality concepts, with 49 (62%), 47 (59.5%), and 46 (58.2%), respectively. The
seven-item questionnaire demonstrated good internal consistency (Cronbach’s o = 0.896,
95% CI [0.835, 0.957]). Conclusion: Radiography students expressed strong favorable
views regarding the hands-on use of 3D-printed models and perceived them as helpful
tools for visualizing core MRI image quality concepts.

Keywords: three-dimensional printing; medical education; radiography; teaching tool

1. Introduction

The theoretical and practical aspects of magnetic resonance imaging (MRI) are con-
sidered challenging and require a strong grasp of the underlying concepts, constituting
difficulties for both radiographers and radiography students [1,2]. Radiography students
may face challenges in applying classroom-based MRI knowledge in real clinical situations,
particularly in busy clinical departments such as MRI units, where high service demands
can make guided practice more difficult [3]. An objective structured clinical examination
(OSCE)-based study revealed that most MR radiographers could not answer more than
half of the questions correctly [4].

As MRI is inherently complex and traditional teaching alone may not provide suffi-
cient hands-on experience, additional teaching approaches are required to support a clearer
understanding. Previous studies have examined several technology-enhanced approaches
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to MRI education, including computer-based simulation, virtual reality (VR), and mobile
learning applications [1,5,6]. A study by Trecefio-Ferndndez et al. (2021) showed that MRI
computer-based simulation improved applied learning outcomes [1], Cheewakul et al.
(2026) reported higher immediate post-test scores and high satisfaction with a VR mod-
ule [5], and Alsharif et al. (2018) found that a mobile learning app significantly improved
MR radiographers” knowledge of image quality [6]. Such tools could potentially enhance
MRI-related learning and should be considered useful adjuncts to traditional teaching.

Three-dimensional (3D) printing has emerged as a promising tool in health profession
education and has been applied across medicine [7], dentistry [8] and nursing [9]. Accord-
ing to Xie et al. (2025), the use of 3D-printing technology in medical education is associated
with improved student understanding and enhanced practical skills [10]. Studies in the
medical field that investigated the usefulness of using 3D-printed models compared with
traditional methods reported better academic performance in students with the use of
3D-printed models [11]. Despite growing interest in 3D-printed models within radiography,
existing research has primarily concentrated on their use in fabricating anatomical struc-
tures, phantoms and test objects for performance assessment purposes [12-15]. Studies
investigating 3D-printed models in MRI education are limited and largely focused on
phantom-based applications [16,17].

In this study, three 3D-printed MRI model sets were designed and fabricated for
hands-on teaching sessions, and students’ perceptions of their usefulness in supporting
understanding key MRI image quality concepts were collected. Each model set represented
a fundamental image quality concept that students may find difficult to visualize men-
tally using the traditional teaching methods. The study also evaluated students” views
on the model sets” perceived contribution to their learning experience, confidence, and
independent learning.

2. Methods
2.1. Participants

Ethical approval was obtained prior to student recruitment and informed consent
was obtained from all participants before inclusion. A total of 79 third- and fourth-year
radiography students at the College of Applied Medical Sciences, Taibah University, Saudi
Arabia, were prospectively enrolled on a voluntary basis. This was an exploratory, single-
group, post-session perception study. The study did not include a baseline assessment, pre-
and post-testing, a control or comparison group, or delayed retention assessments.

2.2. Three-Dimensional-Printed Models

The designs for the three 3D-printed MRI model sets were designed using several
software programs, including Adobe Illustrator for iPad, version 3.0.10 (Adobe Inc., San
Jose, CA, USA), Tinkercad (Autodesk, San Francisco, CA, USA; web-based application)
and Bambu Studio (version 2.2.160; Bambu Lab, Shenzhen, China). The models were then
fabricated using a Bambu Lab P1S printer (Bambu Lab, Shenzhen, China) with a build
volume of 256 x 256 x 256 mm? and a combo option for multicolor printing. This enabled
the models to be printed in multiple colors using polylactic acid (PLA) bioplastic filament.
The PLA filament diameter was 1.75 mm and the nozzle diameter was 0.4 mm.

Vector representations of mid-axial T2-weighted brain MR images were manually
created in Adobe Illustrator for iPad, version 3.0.10 (Adobe Inc., San Jose, CA, USA)
and exported as a Scalable Vector Graphics (SVG) file. The SVG file for each model was
separated into four layers representing cerebrospinal fluid (CSF) (white), gray matter
(light gray), white matter (dark gray), and background (black). The separated layers were
imported into Tinkercad (Autodesk, San Francisco, CA, USA; web-based application) for
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3D model construction and conversion to Standard Triangle Language (STL) format, with
further manual adjustments applied during modeling. The resulting STL file was then
color-assigned and sliced in Bambu Studio prior to fabrication.

The 3D-printed MRI model sets were designed to illustrate the following MRI image
quality concepts: the differences between two-dimensional (2D) and 3D images in terms
of slice gap and the effect of thin versus thick slices on spatial resolution, the difference
between isotropic and anisotropic voxels, and the distinction between pixels and voxels.
Table 1 summarizes the technical specifications of the 3D-printed model sets, including their
dimensions, print time, and weight. The following sections provide a detailed description
of the fabricated 3D-printed model sets.

Table 1. Technical specifications of the 3D-printed model sets.

Model Set Model Objects Dimensions (mm) Print Time (h) Weight (g)
Thick 2D slices 190 x 150 x 16 09:31 312.61
2D slice gap Slice gap 190 x 150 x 6 04:15 207.88
2D-3Dsli model
oL sice MRI slice holder 14.5 x 14.5 x 40 00:17 3.98
continuity model set
3D contiguous-slice Thin 3D slices 190 x 150 x 8 12:29 321.75
model MRI slice holder 145 x 14.5 x 26 00:14 2.93
Voxel geometry Isotropic model Axial MRI brain 150 x 150 x 15 13:34 255.34
model set Anisotropic model Axial MRI brain 150 x 150 x 22 19:10 353.37
Pixel-voxel Pixel model Axial MRI brain 150 x 150 x 18 04:25 139.16
dimensionality model set  Voxel model Axial MRI brain 150 x 150 x 18 16:04 299.52

mm; millimeter, h; hours, g; grams.

2.3. Two-Dimensional-Three-Dimensional Slice Continuity Model Set

This model set consisted of two imaging configurations: the 2D slice gap model
represented a 2D MRI image configuration with two thick slices (16 mm), and a single slice-
gap object was fabricated from clear filament to illustrate slice gaps between neighboring
2D slices (Figure 1). The 3D contiguous-slice model simulated 3D MRI images configuration
with three thin slices (8 mm) to demonstrate slice continuity (Figure 1). The simulated MRI
images used for both model sets were digitally created to depict brain images at different
anatomical levels and were mounted on holders to maintain stacking (Figure 2).

This model set was also designed to demonstrate standard and high spatial resolu-
tion configurations. Spatial resolution and partial volume averaging (PVA) effects were
illustrated using different slice thickness values. The 2D slice gap model with thick slices
demonstrated standard spatial resolution. In contrast, objects with thin 3D slices exhibited
reduced PVA effects and higher spatial resolution, thereby improving visualization of small
anatomical structures. The total print times and weights for the 2D slice gap model and 3D
contiguous-slice model were 14:03 h and 524.47 g and 12:43 h and 324.68 g, respectively.

2.4. Voxel Geometry Model Set

This model set comprised two fabricated models to demonstrate the difference between
isotropic and anisotropic voxel geometry (Figure 3). Both models were constructed with
a planar surface and z-axis depth to represent volumetric structure. Square grids were
applied on the surface of the 3D-printed axial MRI brain images to represent 3D voxel
arrangements. In the isotropic model, the axial MRI brain object was designed with overall
dimensions of 150 x 150 x 15 mm, comprising 10 voxels in each row and column and
resulting in a voxel size of 15 x 15 x 15 mm, thereby reflecting uniform voxel geometry in
all directions.
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Figure 1. The 3D-printed objects of the 2D slice gap model are shown separately, including
two mid-axial T2-weighted MRI brain images at different anatomical levels, a slice gap, and an
MRI slice holder (A). (B) The individual 3D-printed objects of the 3D contiguous-slice model, includ-
ing three brain images at different anatomical levels and an MRI slice holder.

Figure 2. Final configuration of the 2D slice gap model following assembly of all components (A) and
the 3D contiguous-slice model (B). These models were fabricated to illustrate slice gap and slice
continuity concepts and to demonstrate standard (A) and high spatial resolution (B) configurations.

In contrast, in the anisotropic voxel model, the axial MRI brain object retained the
same in-plane dimensions but had a greater z-axis depth, resulting in dimensions of
150 x 150 x 22 mm. Accordingly, each voxel size measured 15 x 15 x 22 mm, representing
nonuniform voxel geometry. Both models were additionally colored in the z-direction
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to demonstrate the depth continuity of anatomical structures in the third dimension. In
this model set, a single cubic element in each model was designed to be removable and
replaceable within the image plane, with colors reflecting the underlying anatomical
structures. However, the removable single cubic elements were fabricated slightly smaller

to facilitate ease of removal (Figure 3).

Figure 3. The 3D-printed voxel geometry model set illustrating isotropic and anisotropic voxel
geometry. The isotropic model has equal dimensions along the x-, y-, and z-axes (arrow), whereas the
anisotropic model has unequal dimensions, with greater depth along the z-axis (arrowhead).

2.5. Pixel-Voxel Dimensionality Model Set

This model set included two fabricated models designed to demonstrate the difference
between 2D pixels and 3D voxels (Figure 4). Square grids were applied on the surface of
the 3D-printed axial MRI brain images (150 x 150 x 18 mm) to illustrate 2D pixel and 3D
voxel arrangements. Similar to the voxel geometry model set, this model set consisted of
10 voxels/pixels in each row and column, resulting in a size of 15 x 15 x 18 mm. In the
voxel model, a single cubic voxel object was designed to be extractable from the image
plane, with colors corresponding to the underlying anatomical structures in the third
dimension. In contrast, the z direction was kept entirely black to indicate the lack of depth

extension for the pixel model (Figure 4).

Figure 4. The 3D-printed pixel-voxel dimensionality model set illustrating the distinction between
a two-dimensional pixel and a three-dimensional voxel. The pixel model represents anatomical
information within a single plane, without z-axis depth (arrow), whereas the voxel model represents
anatomical information extending through the third dimension, demonstrating depth along the
z-axis (arrowhead).

2.6. Questionnaire

The questionnaire was divided into two sections and consisted of seven statements
rated on a 5-point Likert scale (1 = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree,
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and 5 = strongly agree). The first section assessed students’ perceptions of the teaching
value of the model sets for illustrating specific MRI image quality concepts, including
slice gap, slice thickness, and spatial resolution; isotropic and anisotropic imaging; and
pixel-voxel differences. In the second section, the statements evaluated students’ views
on whether the models supported their learning experience, confidence, and independent
learning in understanding MRI image quality concepts. The questionnaire items were
informed by previous perception-based studies evaluating 3D-printed educational models
in medical education [18,19] and were designed to reflect the MRI image quality concepts
addressed in the hands-on MRI teaching sessions. Cronbach’s alpha was used to assess the
internal consistency of the seven-item questionnaire and was not interpreted as evidence of
questionnaire validity. The questionnaire was developed and administered using Google
Forms. A pilot test was conducted with five students to ensure clarity, readability, and
completion time.

2.7. Statistical Analysis

All statistical analyses were performed using JASP version 0.96 (JASP Team, University
of Amsterdam, Netherlands). Descriptive statistics were calculated for each questionnaire
item, and internal consistency of the seven-item questionnaire was assessed using Cron-
bach’s alpha.

3. Results

A total of 79 radiography students (1 = 79; 34 males and 45 females) were prospectively
enrolled in this study. Participants rated their level of agreement with the questionnaire
statements after attending the hands-on teaching session using the 3D-printed model sets
to illustrate key MRI image quality concepts. The values for most items were concentrated
in the strongly agree and agree categories, as presented in Table 2. Only a small proportion
of students provided negative and neutral responses across the questionnaire statements.
Concerning the teaching value of the model sets, the highest proportion of “strongly agree”
responses was observed for the model sets demonstrating the difference between pixels
and voxels and the distinction between isotropic and anisotropic voxels, with 58 (73.4%)
and 55 (69.6%), respectively. Although “strongly agree” was the most frequent response
category, “agree” responses ranged from 12 (15.2%) to 20 (25.3%), while “neutral” responses
were less common, ranging from 5 (6.3%) to 7 (8.9%).

Table 2. Radiography students” evaluations following the hands-on teaching session using 3D-printed
models to illustrate MRI image quality concepts.

Statement

Strongly

Strongly Agree Agree Neutral Disagree

Disagree

The 3D-printed brain MRI
models assisted in
demonstrating the difference
between 2D and 3D images in
terms of slice gap.

52 (65.8%) 20 (25.3%)

6 (7.6%)

1(1.3%) 0 (0%)

The 3D-printed brain MRI
models assisted in
demonstrating the effect of
thin and thick slices on
spatial resolution.

53 (67.1%) 20 (25.3%)

5 (6.3%)

0 (0%) 1(1.3%)
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Table 2. Cont.

Statement

Strongly Agree

Agree

Neutral

Disagree

Strongly
Disagree

The 3D-printed brain MRI
models assisted in
demonstrating the difference
between isotropic and
anisotropic imaging.

55 (69.6%)

16 (20.3%)

6 (7.6%)

0 (0%)

2 (2.5%)

The 3D-printed brain MRI
models assisted in
demonstrating the difference
between pixels and voxels.

58 (73.4%)

12 (15.2%)

7 (8.9%)

1 (1.3%)

1(1.3%)

The 3D-printed brain MRI

models assisted my learning
experience in understanding
MRI image quality concepts.

46 (58.2%)

23 (29.1%)

9 (11.4%)

0 (0%)

1(1.3%)

The 3D-printed brain MRI
models assisted in improving
my confidence in
understanding MRI image
quality concepts.

49 (62%)

21 (26.6%)

6 (7.6%)

2 (2.5%)

1(1.3%)

The 3D-printed brain MRI
models assisted my
independent learning of MRI
image quality concepts.

47 (59.5%)

16 (20.3%)

14 (17.7%)

1 (1.3%)

1(1.3%)

With respect to student-reported learning support, the highest proportions of “strongly
agree” responses were observed for the statements that the 3D-printed brain MRI models
supported students’ confidence, independent learning, and learning experience in under-
standing MRI image quality concepts, with 49 (62%), 47 (59.5%), and 46 (58.2%), respectively.
The highest proportions of neutral responses were observed for the statements that the
3D-printed models assisted students’ independent learning and supported their learning
experience in understanding MRI image quality concepts, with fourteen (17.7%) and nine
(11.4%) neutral responses, respectively. The seven-item questionnaire demonstrated good
internal consistency, with Cronbach’s « = 0.896, SE = 0.031, 95% CI [0.835, 0.957].

4. Discussion

This study involved the development of three sets of 3D-printed MRI models for use
in hands-on teaching sessions. It aimed to evaluate radiography students’ perceptions of
the models in supporting their understanding of key MRI image quality concepts. Each
set of models translated a theoretical foundational concept in MRI that is often difficult for
students to visualize into a tangible 3D-printed representation. The study also evaluated
students’ views on whether the model sets supported their learning experience, confidence,
and independent learning.

Research on the use of 3D-printed models in MRI as teaching tools remains very
limited, with the existing literature predominantly being focused on phantom-based ap-
plications. Yusuff et al. (2025) developed a cost-effective 3D-printed MRI phantom as an
educational tool to demonstrate system performance and image quality parameters [16],
whereas Habeeb et al. (2024) primarily focused on MRI phantoms replicating anatomical
structures and tissue contrast of the head [17]. In contrast, the present study moved beyond
the use of phantoms, which require MRI scanners, by utilizing 3D-printed models that
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do not rely on specialized equipment such as scanners and that allow for flexible use in
classroom settings to support the teaching of key MRI image quality concepts.

The clinical performance of 3D MRI sequences has been reported to be superior to
that of conventional 2D sequences, owing to the absence of interslice gaps and the use of
thinner slices, which may enhance spatial resolution and improve the detection of subtle le-
sions [20,21]. When voxel dimensions are equal in all three directions (x, y, and z), isotropic
imaging provides several advantages, including improved multiplanar reconstruction [22],
reduced PVA artifact [22], and enhanced visualization of subtle anatomical structures [23].
Concepts such as slice gaps, slice continuity, and the influence of the z-direction on spatial
resolution and PVA can be challenging for radiography students to understand. A study by
Kada (2020) found that 46% of final-year radiography students were unable to explain the
relationship between slice thickness and PVA artifact [24]. In the current study, students
reported positive views of the pixel-voxel dimensionality model set. This pattern of re-
sponses may indicate that students perceived the tangible 3D representations of theoretical
MRI image quality concepts as supporting their understanding of these concepts.

Previous literature indicated that students viewed the integration of 3D-printed mod-
els in anatomy [25], nursing [26], and dentistry [27] as a valuable teaching approach. The
present findings demonstrated positive evaluations among radiography students toward
the use of 3D-printed models for illustrating MRI image quality concepts. Students also
demonstrated positive views regarding the contribution of 3D-printed models to improving
their learning experience, confidence, and ability to learn independently. These findings
may encourage radiography educators across a range of educational contexts to incorporate
this promising technology into their teaching practices.

Although the initial setup required substantial investment in equipment and system
preparation, the ongoing printing cost was economically reasonable [18], with all fabricated
models together consuming only 1896.54 g of material. In this study, the print time was
reported individually for each 3D-printed model to reflect the actual printing time; however,
this required more time than printing multiple objects together in a single session. Printing
multiple objects simultaneously may, however, be both economically and practically fea-
sible. The filament colors used in this study were selected to resemble the colors of brain
tissue in MRI T2 images, and this approach may have contributed to improving students’
learning experience, as suggested by the previous literature [28].

This study has several limitations. First, the study population was drawn from
only one academic institution, which may restrict the wider applicability of the findings.
Second, although participants completed the evaluation anonymously and no identifying
information was collected, social desirability bias cannot be excluded. Third, the study
focused on the design and fabrication of 3D-printed models as visual teaching aids for
MRI image quality concepts. Future work could develop additional 3D-printed models for
other imaging modalities and evaluate students’ perceptions of their usefulness as visual
learning aids. However, existing studies using 3D-printed models in MRI education often
require access to MRI scanners, which may reduce the practicality of using such models
in classroom settings. Fourth, neither expert review nor validation of the seven-item
questionnaire used in this study was conducted. However, the questionnaire items were
informed by previous perception-based studies assessing 3D-printed models in medical
education. Finally, this study focused on students” perceptions of the benefits of hands-
on use of the 3D-printed model sets, rather than evaluating their impact on academic
performance. Therefore, this study did not include baseline assessment, pre- and post-
testing, comparison groups, follow-up, and delayed assessments, which would be required
to investigate the academic impact of the 3D-printed models. The study also did not
include comparisons with traditional teaching methods or alternative educational tools,
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such as virtual reality. However, such perception-based evaluations may serve as an initial
investigation and provide valuable findings about the usability and acceptability of these
models in radiography education.

In conclusion, radiography students reported favorable evaluations of the hands-
on use of 3D-printed MRI models and perceived them as useful tools for visualizing
fundamental MRI image quality concepts. The pixel-voxel dimensionality model set
received the highest number of strongly agree responses across other model sets, which
may reflect the difficulty students often face in mentally visualizing this concept using
conventional teaching methods alone. Questionnaire responses further indicated that
students perceived the models as supporting their confidence, independent learning, and
overall learning experience.
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MRI Magnetic resonance imaging

OSCE  Objective structured clinical examination
VR Virtual reality

3D Three-dimensional

PLA  Polylactic acid

SVG Scalable vector graphics

CSF Cerebrospinal fluid

STL Standard triangle language

2D Two-dimensional

PVA  Partial volume averaging
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