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Abstract
Purpose Despite the combination of chalkboard lectures and cadaveric models, the ear remains a complex anatomical struc-
ture that is difficult for medical students to grasp. The aim of this study was to evaluate the contribution of a 3D-printed ear 
model for educating undergraduate medical students by comparing it with a conventional cadaveric model.
Methods Models of the ear comprising the outer ear, tympanic membrane, ossicles and inner ear were modeled and then 
3D-printed at 6:1 and 10:1 scales based on cadaveric dissection and CT, cone-beam CT and micro/nano CT scans. Cadaveric 
models included two partially dissected dry temporal bones and ossicles. Twenty-four 3rd year medical students were given 
separate access to cadaveric models (n = 12) or 3D-printed models (n = 12). A pre-test and two post-tests were carried out 
to assess knowledge (n = 24). A satisfaction questionnaire focusing solely on the 3D-printed model, comprising 17 items 
assessed on a 5-point Likert scale, was completed by all study participants. A 5-point Likert scale questionnaire compris-
ing four items (realism, color, quality and satisfaction with the 3D-printed ear model) was given to three expert anatomy 
Professors.
Results The test scores on the first post-test were higher for the students who had used the 3D-printed models (p < 0.05). 
Overall satisfaction among the students and the experts was very high, averaging 4.7 on a 5-point Likert-type satisfaction 
scale.
Conclusion This study highlights the overall pedagogical value of a 3D-printed model for learning ear anatomy.
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Introduction

The ear is a complex anatomical structure, composed of 
three distinct anatomical parts: the outer, middle and inner 
ear. All medical students must learn the main anatomical 
elements of the ear during their studies, no matter their 
future orientation. In France, this knowledge is imparted by 
anatomy teachers during the first cycle of medical studies. 
At the Université de Franche-Comté, third-year medical stu-
dents receive a one-hour lecture on a chalkboard, followed 
by non-mandatory tutorials delivered by anatomy laboratory 
assistants using cadaveric models.

Despite the combination of theoretical and practical 
classes, ear anatomy remains difficult to grasp. The theo-
retical course, based on 2D drawings, limits the spatial 
representation of the external acoustic meatus to the coch-
lea, which is an obstacle to learning about this anatomical 
region. During guided instruction, students are then faced 
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with a problem of scale: the enlarged organ they have been 
shown is now its actual size. Despite extensive dissection, 
the inner ear remains contained within the temporal bone, 
which is a second obstacle to representation and learning. 
These long-acknowledged obstacles had prompted William 
Hunter, a pioneer in anatomy teaching in the eighteenth cen-
tury, to dissect elegant specimens to reduce the complex-
ity of spatial representation of this organ [29]. More recent 
studies have highlighted the value of new technologies in 
promoting this understanding [1, 2, 11, 12, 14–16, 20, 23, 
25, 27, 34]. However, no study has looked at the pedagogical 
contribution of 3D printing in facilitating the spatial repre-
sentation of the ear.

The aim of this study was to evaluate the contribution of 
a 3D-printed ear model for educating undergraduate medi-
cal students, by comparing it with a conventional cadaveric 
model.

Materials and methods

This was a prospective, controlled, randomized study.

Conventional cadaveric anatomical model

The conventional cadaveric model used consisted of dry 
temporal bones on metal supports. Half of the temporal 
bones were dissected to reveal the relief of the semicircular 
canals, and the other half were cut along the long axis of the 
bone, then a hinge system was added to provide open-book 
access to the contents of the tympanic cavity (Fig. 1).

Design of the 3D‑printed anatomical model

The 3D-printed model was based on scan data from an 
86-year-old male who had donated his body to the Depart-
ment of Anatomy at the Université de Franche-Comté. 

The choice of a non-pathological, anatomically normal 
ear necessitated a conventional CT scan centered on the 
hemi-skulls of cadavers, constituting a bank of ten ears 
from which one was selected after careful analysis of the 
scans by a specialized radiologist. The first CT acquisitions 
were made of the complete right temporal bone with lat-
eral soft tissues including the external ear within a hemi-
skull sectioned in the horizontal plane above the temporal 
bone and at neck level, using a conventional SOMATOM 
Definition Edge scanner (Siemens Healthineers, Erlangen, 
Germany) and a cone-beam Artis Q biplane angiography 
system (Siemens Healthineers). The slice thickness was 
0.4 mm and 0.19 mm, respectively. Subsequent acquisitions 
were made of a segment of the temporal bone centered on 
the tympanic cavity after its dissection, as close as possible 
to the anatomical boundaries of the ear. These acquisitions 
were carried out on an EasyTom S micro/nano CT system 
(RX Solutions, Chavanod, France) equipped with a Hama-
matsu Open Type Microfocus L12161 X-ray source with a 
maximum voltage of 150 keV and 0.5 mA, and a 2530DX 
detector with 2176 × 1792 pixels. The tube voltage and the 
tube current used were 70 keV and 0.126 mA, respectively, 
for each tomography. The exposure time and the average 
frame rate are listed in Table 1. For all scans, 1440 projec-
tions were collected except for the tomography of the ear at 
40 µm where a stack of three tomography scans were done 
to capture the full height of the piece. The entire volume was 
reconstructed using filtered back-projection; the resolution 
and the field of view are listed in Table 1.

The data were processed using medical imaging software 
(Carestream Image Suite V4, New York, NY, USA). The 
segmentation was performed using Mimics Medical 24.0 
software (Materialise, Leuven, Belgium) to separate the dif-
ferent anatomical parts using a thresholding method (Fig. 2). 
The outer ear, tympanic membrane, ossicles, cochlea and 
semi-circular canals were segmented. Then, the files were 
converted to STL and exported to 3-matic Medical 16.0 

Fig. 1  Cadaveric models used for tutorial. A ossicles B temporal bones
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software (Materialise) for the design steps (smoothing, con-
nectors, base). The total design time was about 12 h. The 
final files were exported to STL and sent to the 3D printers. 
The cochlea, ossicles and tympanic membrane were printed 
in Form 3 (Formlabs, Somerville, MA, USA) with White 
resin and Elastic 50A resin (Formlabs). Post-processing 
was needed to clean the resin and fully cure the models. 
The outer ear and the base were printed in Ultimaker S5 
with PLA filament (Ultimaker, Utrecht, Netherlands). Three 
full models were printed at a 6:1 scale plus a base. Three 
other models consisting of only the ossicles and inner-ear 
were printed at a 10:1 scale plus the connectors needed to 
manipulate them. The total print time was about 8 days. 
Once printed, the inner ear elements of the models were 
spray-painted blue-grey (Fig. 3).

Student sample

Twenty-four third-year medical students were selected to 
participate in the study. These students had voluntarily 

enrolled in the Anatomy—Imaging—Morphogenesis Master 
1 course run by the Department of Anatomy. At the begin-
ning of the 2022–2023 academic year, like all students at 
that level (n = 250), the selected students (n = 24) received 
a one-hour chalkboard lecture on ear anatomy given by the 
head of the Department of Anatomy, followed by 30 min of 
directed teaching on cadaveric models given by assistants 
from the Department of Anatomy.

Study design

Each student was randomly assigned a number from 1 to 
24. A pre-test and two identical post-tests—designated Test 
1 and Test 2—were performed, each lasting 5 min. Follow-
ing the pre-test, the students were assigned to two separate 
rooms one with the cadaveric model and the other with the 
3D-printed model, depending on whether their number 
was odd or even. No communication was allowed between 
rooms. A supervisor was stationed in each room, who was 
instructed to tell the students in the cadaveric model room 

Table 1  Micro/nano CT 
acquisition parameters

Tomography Resolution 
(µm)

Voltage (kV) Intensity (mA) Frame rate 
(image/s)

Number 
of images

Time (h) Field 
of view 
 (mm2)

Skull 57 70 0.216 6 1440 1.5 110*82
Ear 40 70 0.216 9 4320 2 76*120
Ear 24 70 0.216 5 1440 1 46*34
Ossicles 12 70 0.216 3 1440 0.5 23*17

Fig. 2  Segmentation and 3D modelling of the ossicles (Mimics, Materialise)
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that they could not touch the human material provided, while 
the students in the other room were told the opposite. Stu-
dents worked in subgroups of four around three identical 
stations in each room. Three A4 definition sheets of anatomi-
cal terms from Wolfgang Dauber’s Feneis Illustrated Ana-
tomical Lexicon [10] were provided at each station. Students 
in each subgroup were allowed to communicate with each 
other. After 15 min in each room, the students took Test 
1, with no communication allowed between the two study 
groups. Test 2 was administered 6 h later, the students could 
communicate with each other in the interim, but during the 
tests, no communication was allowed. All tests were anony-
mous and included only the number randomly assigned to 
each student before the pre-test (Fig. 4). These assessments 
were done on June 21, 2023.

Knowledge assessment

The pre-test consisted of 14 items to be scored as true or 
false on anatomical concepts from levels 1 and 2 of Bloom’s 
Anatomical Taxonomy [37] (Fig. 5). The test was scored 
out of 14 by a person who was not involved in the study’s 
procedures.

Evaluation of student satisfaction

A satisfaction questionnaire focusing solely on the 
3D-printed model, comprising 17 items assessed on a 
5-point Likert scale, was completed by all study partici-
pants. The questionnaire included a three-item evalua-
tion of teaching methods, a five-item evaluation of per-
sonal satisfaction and a seven-item assessment of the 
effectiveness of 3D-printed models. One item assessed 
the students’ opinion of their university’s investment in 
3D-printed models. Another item assessed their willing-
ness to participate in the design of these models. The 
questionnaire ended with three open-ended questions. The 
first question asked students to choose three regions of the 
human body for which they would like to see a 3D model 
from among ten proposed regions, the second asked them 
to write down one or more regions or organs they would 
like to see 3D printed, and the final question left room 
for comments. Only the 12 students who had had access 
to the 3D-printed model as a learning tool filled out this 
questionnaire (Fig. 6). The 12 students who had not used 
the 3D-printed model were given access to it at the end 
of the study.

Fig. 3  3D-printed models. A entire ear scale 6:1 B–E middle and inner-ear models, scale 10:1
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Fig. 4  Flow chart summarizing 
the study design (3DP = three-
dimensional printed)

Fig. 5  Student knowledge assessment
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Evaluation of experts’ feelings and satisfaction

A 5-point Likert scale questionnaire comprising four 
items covering realism, color, quality and satisfaction 
with the 3D-printed ear model was given to three anatomy 
Professors, each with over 20 years of teaching experi-
ence (Fig. 7).

Data analysis

A Wilcoxon test was used to compare the two groups. A 
threshold value of p ≤ 0.05 was taken as significant.

Results

Knowledge assessment test results

The pre-test evaluation scores were lower in the “3D mod-
els” group, but not significantly (p = 0.11) (Fig. 8). Test 
1 results were significantly better for the “3D models” 
group than for the “cadaveric models” t group (p = 0.035) 
(Fig. 9). This difference persisted in Test 2 but was no 
longer statistically significant (p = 0.052) (Fig. 10).

Fig. 6  Student satisfaction questionnaire
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Evaluation of students' feelings and satisfaction

Overall satisfaction among students (n = 12) who used the 
3D models was high, with an average of 4.7 out of 5 points 
(Fig. 11).

Their assessment of the perceived effectiveness of the 
3D-printed models was equally so, with an average of 4.4 
(Fig. 12).

Ten of the 12 students (83%) were very positive about 
their university’s investment in 3D-printed anatomical 

models. Seven of the 12 students (58%) were interested in 
participating in model design.

The brain was the most popular region for 3D printed 
models (75%, n = 9), followed by the facial mass and pel-
vis (58%, n = 7). The regions cited as the most desirable 
for 3D printed models were the heart, vertebrae, limbic 
lobe, talus, nerve plexuses, basal ganglia, brainstem and 
its cranial nerves, lesser pelvis, tarsus, carpus, skull base, 
orbital cavity and sphenoethmoidal recess.

Fig. 7  Expert evaluation ques-
tionnaire

Fig. 8  Box-plot summary of students’ pre-test results (n = 24) Fig. 9  Box-plot summary of students’ Test 1 results (n = 24)
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Seven students (58%) made comments about the teach-
ing methods used. Eight students (67%) were in favor of 
the self-learning method used. Five students (42%) would 
have preferred to have a teacher instead of the explanatory 
sheets provided, while four students (33%) would not. Four 
students (33%) were in favor of, and four students (33%) 
were against, being left alone with the 3D-printed model.

Assessment of experts’ feelings and satisfaction

Overall satisfaction among the experts (n = 3) was high, 
averaging 4.7 on a 5-point rating scale. All the experts were 

very positive about the realism of the model and were satis-
fied with it. Model quality was rated at 4 (Fig. 13).

Discussion

The results of our study demonstrate that a 3D-printed ear 
model provides a valuable pedagogical contribution on three 
levels. Assessment of the students’ knowledge showed a sig-
nificant improvement in the group that used the 3D model, 
compared with the conventional anatomical model. Student 
satisfaction was rated as very high on a Likert scale. Experts 
rated the 3D model very favorably in terms of realism, color, 
quality and satisfaction.

Model creation

Model design was the most time-consuming part of the 
study. The resolution of conventional CT scans was insuffi-
cient (0.4 mm) for segmentation of the ossicles, particularly 
the stapes. Despite the much better resolution of cone-beam 
CT (0.19 mm) compared to conventional CT, the resolution 
was still insufficient for good-quality segmentation of the 
stapes. Spatial resolution by micro CT was conditioned by 
the size of the specimen. The cadaver’s right ear was there-
fore dissected until its anatomical boundaries were reached, 
enabling subsequent acquisitions to focus on the stapes. In 
their review of literature, Shelmerdine et al. mentioned using 
cadaver micro/nano-CT for teaching purposes in 2018 [32]. 
Mukherjee et al. used cone-beam and microCT with resolu-
tions of 125 µm and 40 µm respectively to reconstruct and 
print human ossicles with good precision, taking the incus as 
a reference [22]. In our study, the stapes required the high-
est resolution for the modeling work. The 24 µm resolution 
obtained on the ossicular chain enabled us to see vascular 

Fig. 10  Box-plot summary of students’ Test 2 results (n = 24)

Fig. 11  Analysis of student’s 
satisfaction (n = 12)
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entry points and to highlight the hollow hemi-cylindrical 
shape of the stapes branches. The contours of the plate were 
perfectly transcribed at 12 µm final resolution. To our knowl-
edge, no other micro/nano CT study of human ossicles has 
been able to produce such high resolution. The resulting file 
provides a solid basis for future work on modeling and 3D 
printing elements of the human ossicular chain.

Soft colors were chosen for the model. The study con-
ducted by Radzi et al. disapproved of the colors of their 
cardiac model, deeming them too bright [28]. Garas et al. 
contend that using colors makes it easier to recognize the 
different parts of their 3D-printed models [13]. Our study 
therefore employed colors for pedagogical purposes, to help 
students quickly identify the three parts of the ear. This facil-
itation was confirmed by the students, as the vast majority 
agreed that the colors had helped them recognize the parts 
of the ear. The colors chosen were consistent with the colors 
used in anatomy atlases (ossicles in white, inner ear in blue 
and outer part in flesh color). Post-painting is commonly 

used in the production of 3D-printed anatomical models [4, 
7, 17, 18, 33, 36, 40]. Backhouse et al. had students per-
form this step, adding pedagogical value to teaching with 
the model [3].

Our model required the use of two printers to combine 
soft and hard plastics. Assembly was carried out at the end 
of the printing process. This technique requires a perfect 
match between the parts. PolyJet printers are ideal for these 
types of models, as they can print in several colors and sev-
eral materials in a single block, combining speed and effi-
ciency. However, the final cost is much higher with this type 
of printer. Mogali et al. printed a full-size heart for $310 and 
a complete model of the head and neck reduced to 95% scale 
for $160 using a PolyJet printer [21].

Choosing the scale was tricky, as the difference in size 
between the outer and inner ear made it impossible to print 
a complete model on a 10:1 scale. The platens of our printers 
were too small, and an outer ear had no educational value 
at such a scale, as it would restrict manipulations of the 
model and hinder observations. It therefore seemed neces-
sary to print two models, reasonably increasing the scale 
on the model with the ossicles and inner ear. Pedagogical 
value was prioritized over realism. Most educational ana-
tomical models are printed at 1:1 scale [6, 8, 19, 35]. Saleh 
et al. also opted for a larger scale—140% for their temporal 
bone model [31]. Bannon et al. reported excessive fragility 
of their 3D-printed 1:1 scale pterygopalatine fossa model, 
leading them to reprint it at a 2:1 scale [4]. Similarly, our 
model was fragile at the junction between the ossicles. For 
the 6:1 scale model, the ossicles were printed contiguous, 
modeling a small discoid junction element to maintain the 
correct position of the ossicles relative to each other, from 
the tympanic membrane to the vestibular window. For our 
10:1 scale model, the ossicles were printed separately. Two 
fully detachable translucent soft-plastic studs were modeled 

Fig. 12  Analysis of student’s 
perception of the 3D model’s 
effectiveness (n = 12)

Fig. 13  Experts satisfaction with the 3D-printed model
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to allow the malleus and stapes to be nested and un-nested, 
giving access to the joint cavity between the two. A trans-
parent translucent soft plastic sleeve was modeled to allow 
assembly of the incus and stapes. This step required several 
trials to create a sleeve that was discreet yet strong enough 
to keep the ossicles attached.

Evaluation of expert satisfaction

Despite the change in scale of our 3D-printed model com-
pared with the conventional cadaveric model, the experts' 
assessment was favorable, with all the experts rating its real-
ism as 5/5. This is probably due to the pedagogical objective 
achieved by our model, which is focused on teaching normal 
anatomy to undergraduate medical students. The experts’ 
very positive assessment of our model testifies to the value 
of using a new technology to enhance existing models (bod-
ies donated to science), models that can be modified and 
adapted to the teaching content that a teacher wishes to con-
vey. This is a fundamental notion, as it also underlines the 
fact that creating 3D-printed anatomical models requires 
collaboration between anatomists and engineers. The com-
moditization of models is undesirable, as the added value of 
this technology in anatomy teaching might be lost.

Student assessment

The student assessment was based on level one and two 
questions according to Bloom’s Anatomical Taxonomy 
[37]. Level one tested pure knowledge and level two tested 
comprehension. Anatomical comprehension is assessed 
through the students' ability to find information from the 
spatial representation of an anatomical region. Applications 
(level three) and analytical ability (level four) are learning 
levels applicable to 3D-printed training models such as that 
of Nguyen et al., who tested a 3D-printed temporal bone 
model for piston prosthesis placement on the stapes [24]. 
The better Test 1 results obtained by students who used 
the 3D-printed ear model can probably be explained by the 
optimized 3D representation of ear anatomy. Although the 
questions in Test 1 and Test 2 were identical to those on the 
pre-test, the students had not been informed of this before-
hand. The time allotted to answer the assessment questions 
was considered sufficient by all students.

The results of the second test are probably biased for two 
reasons: the first being the possibility for students to com-
municate with each other in the interval between the first and 
second tests (with identical tests) and the second being the 
absence of sufficient spacing to properly assess the effects 
of the different models on long-term knowledge retention. 
This choice of a second post-test only few hours later is 
explained by our fear of being confronted with a large num-
ber of lost to follow-up if we had summoned the students 

several weeks later (which would have corresponded to the 
following academic year). During this interval, the students 
took an anatomy exam that did not concern the ear and was 
supposed to lead to a washout effect.

Our work is part of a larger project to test on an entire 
class of students (n = 250) a more complex model (currently 
being designed and requiring over a hundred hours of mod-
eling by engineers and anatomists). Under these conditions, 
a second test several weeks after the first would seem desir-
able. Our test questions focused on knowledge of the bony 
elements of the middle ear and the organization of the inner 
ear, comparing two models that did not include nerve or 
vascular structures. The evaluation of a more complex model 
incorporating this type of anatomical structures will provide 
a more comprehensive test of knowledge, in line with the 
objectives of learning about ear anatomy during the first 
cycle of medical studies. It is likely that results will be better 
in the group with the more complex 3D-printed model, since 
this latter allows visualization of structures that the cadav-
eric model does not. Several recent meta-analyses have dem-
onstrated the effectiveness of 3D-printed models in teach-
ing anatomy [30, 38, 39]. However, certain criteria need to 
be met to conclude that they are effective, notably the use 
of 3D-printed anatomical models representing anatomical 
structures deemed to be complex, and their use with stu-
dents with little knowledge (the effects of these models are 
often negligible with residents) [9]. To our knowledge, no 
study has yet been carried out to assess the effectiveness of 
3D-printed anatomical models of the ear. The results of our 
pilot study, based on the experience of numerous authors in 
the creation and evaluation of 3D-printed anatomical mod-
els, thus justify evaluating with a more complex 3D-printed 
ear model for an entire class of students [5].

Evaluation of student satisfaction

There was no doubt about the student’s satisfaction with the 
3D-printed model and their feelings about its effectiveness, 
but their opinions on the teaching methods were mixed. This 
new technology might motivate some students to learn and 
reinforce existing teaching methods to help them succeed. 
Unsurprisingly, opinions on future practice were divided. A 
model representing normal ear anatomy on a modified scale 
is unsuitable for training. To meet this objective, 3D-printed 
models for training in endoscopy [34], milling [12, 16] or 
prosthesis fitting [24] have already been described in the lit-
erature. They are aimed at students who are more advanced 
in their studies, most of whom are ENT residents. All the 
students in our study supported their university’s investment 
in 3D-printed models. The acquisition of a 3D printing plat-
form could be beneficial. This is all the more important as 
the majority of students would have participated in design-
ing the model. The most desired region for a 3D model was 
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the head and neck area. The fineness and entanglement of 
the anatomical structures that make up the ear easily explain 
this choice. Thus, 3D-printed models appear to be an appro-
priate tool insofar as modeling can simplify, embellish, 
increase the size or intensify the colors of the true anatomi-
cal structure.

Limit

The sample size was small in our study due to the low num-
ber of places in the Anatomy-Imaging-Morphogenesis Mas-
ter’s program at our university. However, all the subjects 
participated from start to finish, enabling us to collect data 
on knowledge and satisfaction. Our results can be used as 
pilot data for future studies. We did not carry out a cross-
over study because all the students had already participated 
in a guided teaching session on the cadaveric model at the 
beginning of the academic year. This meant that only 12 
students were able to evaluate the 3D-printed model, even 
though they had already benefited from conventional teach-
ing on the cadaveric model.

Our model contained minimal information. The walls of 
the cavity were not represented, nor were the vascular and 
nerve elements. This is a perfectible aspect of our model, 
given that the experts' rated its quality as 4/5. No long-term 
evaluation was carried out to assess how our 3D-printed ear 
model affected knowledge retention. O’Brien et al. demon-
strated this benefit with their 3D-printed model of the trache-
obronchial tree [26]. It is likely that this effect is attributable 
to 3D printing and reproducible with other models.

To conclude, this study found a significant benefit of 
using a 3D-printed ear model to teach anatomy to third-year 
medical students, in addition to traditional teaching methods. 
This benefit was seen in both knowledge assessment and 
student satisfaction. Our 3D-printed model of the ear was 
viewed favorably by anatomy professors with over 20 years’ 
teaching experience. Our results suggest that a more com-
plex anatomical model of the ear may be highly effective for 
3rd-year medical students and may justify medical univer-
sities investing in 3D-printed anatomical models for edu-
cational purposes, particularly ones created by anatomists 
in collaboration with engineers specialized in modeling the 
human body Table 2.
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