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ABSTRACT

The use of cadavers in medical education is common, but the costs and limited availability associated 
with this practice have caused educators to look for alternatives such as 3D printed models (3DPM). A 
limited amount of studies have shown 3DPM to be a valuable educational tool that offers an improved 
experience compared to 2D images. Most of these studies have used 3DPM designed using the results of 
CT/MRI scans, offering extremely accurate representation of the human body. However, the use of CT/
MRI scans to create 3DPM does not allow for customization of which structures are represented or clear 
delineation of individual anatomical structures.

Study Objectives: We hypothesized that creating multiple 3DPM of the human knee based on 
anatomically correct artistically renderings with individually designed components as opposed to CT/
MRI DICOM data would offer medical students a more manageable avenue for creating 3DPM that would 
be suitable for introductory medical education. 

Methods: In this study we created multiple 3DPM of the human knee using artistic renderings that were 
manipulated in Blender and printed via a stereolithography (SLA) 3D printer. We created three different 
knee models for this study (one with the femur removed, one with the tibia removed, and one with no 
structures removed) to expose areas of the knee joint that are often difficult to find in a cadaver. 

Results: The study found that 3DPM based on artistic renderings can provide a viable alternative for 
educators seeking to create models that will be able to isolate anatomical structures of interest, as well as 
the ability to print models with selective levels of tissue included. 

Conclusion: Exploration of this new approach to creating 3DPM with such advantages improves 
accessibility for anatomy education programs who do not have access to CT/MRI DICOM data or the 
usage of cadavers to teach students. 
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Introduction
The usage of cadavers for medical anatomy education can be dat-

ed back centuries. With advances in technology and the high costs of 
purchasing yearly cadavers, medical educators have looked for other 
methods of education to supplement the usage of cadavers [1]. These 
supplemental methods are often PowerPoint presentations, and 

two-dimensional images from atlases, radiographs, and dissection 
photos. However, multiple studies have shown that 3D visualization 
methods are significantly more effective than 2D visualization meth-
ods in medical anatomy education [2]. Additionally, distance learning 
due to the Covid-19 pandemic has limited the usage of cadavers in 
many parts of the world [3]. Three-dimensional printing is a novel-
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ty that has shown promising results in replicating human anatomy 
in a cost-effective manner. Many studies have been conducted in the 
past few years testing the efficacy of 3D printing in medical anatomy 
classes [4-14]. Few studies have truly compared different anatomical 
teaching methods amongst first-year medical school students with 
minimal formal exposure to anatomy. Most studies have compared 
the usage of lecturing supplemented with 3D printed models com-
pared with control groups. Su, et al. compared didactic seminars with 
and without the usage of 3D printed models. This study showed a sig-
nificant improvement in learning using 3D models but failed to com-
pare the 3D models with other supplemental material [6]. 

Another study by Lane et al investigated the efficacy of 3D printing 
models, but also had a control group consisting solely of a PowerPoint 
presentation. This study also used second-year medical students with 
a baseline knowledge of anatomy, making it difficult to analyze 3D 
printed models as a learning tool for first novice medical anatomy 
learners [9]. Karsenty et al did a similar study with 5th-year French 
medical students with similar results. These studies have confirmed 
that 3D printed models improve knowledge and learner satisfaction 
in comparison with didactics that do not utilize models. However, this 
does not provide sufficient data for the impact of 3D printed models 
in the initial introduction of anatomy in medical education, as most 
anatomy programs do not rely solely on lectures but use a variety of 
supplemental materials. One study that has made a direct comparison 
of 2D images versus 3D printed models was conducted by Hojo et al. 
They compared the use of 3D printed models versus studying with a 
textbook. Students in the experimental and control groups were given 
5 minutes each to study using their assigned resource. The research-
ers found significant differences in short- and long-term test scores 
between the two groups. This study showed that 3D printed models 
could serve as a viable, arguably superior, replacement for traditional 
educational tools such as textbooks [11]. Yi et al compared the usage 
of 3D printed models (3DPM) with 3D reconstructed images (3DI) 
and 2D images (2DI) of the ventricular system. This study found a sig-
nificant difference in the change in test scores between the 3DPM and 
3DI compared with the 2DI group’s change in test scores. 

However, no significant difference was found between the 3D 
printed models and the 3D reconstructed images. Chen et al. were 
the first to conduct a RCT using third-year medical students who 
had not been exposed to anatomy prior to the study. A comparison 
was made between cadaveric skulls, 3D printed skulls, and 2D atlas-
es. This study showed a significant difference in improvement in pre 
and post-test scores in the 3D printed test group compared with the 
other two groups [13]. We hope to build off of Chen et al’s study with 
the creation of 3D printed knee models that are capable of customi-
zation prior to printing to display the anatomic structures of interest. 

Models traditionally based on CT scans are typically accompanied by 
a large number of artifacts and noise, as well as an oftentimes lack 
of clear delineation between individual anatomical structures. Elim-
ination of such noise requires the use of post-processing with high 
segmentation thresholds and smoothing algorithms, which inevitably 
result in loss of key anatomical details. Otton et al found that arterial 
motion during a CT scan caused vessels to appear bigger than they 
actually were. The challenges posed by using a CT scan to create a 
3D model may make creating as well as learning from such models 
difficult for medical students who are becoming familiar with the 
anatomy for the first time. Using an anatomically correct 3D model 
created via an artistic rendering of individual anatomic components 
rather than computed tomography (CT) scans of real humans, we aim 
to create custom printed models that offer a practical way of isolating 
structures of interest within the human anatomy. 

Traditionally, hard and soft tissue structures are not able to be 
printed simultaneously using elastical and hard 3D printed resins in 
conjunction with standard desktop printers. Thus, in order to create 
models with a high degree of realism, our goal will also be to explore 
adhesive options for assembling multi-component models whose in-
dividual anatomical components such as bone, vessels, and connec-
tive tissues are represented by materials of realistic density.

Methods and Results
An anatomically correct 3D file of a human leg complete with ar-

tistic representations of four bones, twenty muscles (later omitted for 
clarity), thirtyone connective tissue structures, major arterial/venous 
systems, nerves, and lymphatics (later omitted) was acquired from 
the online model marketplace Turbosquid. It was then truncated via 
Blender to only include the knee joint and its main structures (see 
Index), as well as separated by material to isolate each individual an-
atomical structure. Structures came pre-rendered, and anatomical 
accuracy was confirmed via cross-referencing between the model 
and Essential Anatomy [4]. (Figure 1). Polygon counts were increased 
exponentially via the subdivide function in order to maximize the 
level of printed model detail. Initially, every component surrounding 
the knee joint was rendered and exported individually as a .obj file 
and printed via the Formlabs 3B+ 3D printer through the PreForm 
3D printing software using Elastic 50A/Flexible 80A for soft tissue 
structures and Form labs Model Resin for bone to allow for maximal 
realism (Figures 2,3 & 4). Numerous attempts were made at using 
adhesives to assemble the model using the structures printed with 
both hard and soft resin. Loctite super glue, standard craft hot glue, 
rubber cement, Gorilla glue, wood glue, and multi-purpose construc-
tion grade epoxy were all tested in creating a stable bond between the 
model components of differing density. 
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Figure 1: Truncated knee model in Blender with 56 individually rendered anatomical structures.

Figure 2: Example of individually rendered connective tissue structures prepared for 3D printing in the 3D printing software PreForm.
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Figure 3: Connective tissue structures printed in Elastic 50A Resin; Bones printed in Model Resin.

Figure 4: Arterial system surrounding the knee joint printed in Elastic 50A Resin.

These attempts were ultimately unsuccessful, as no one adhesive 
or combination thereof provided adequate purchase between compo-
nents so as to have a durable model. Attempts were also made to con-
tact the manufacturer of the proprietary resins, Formlabs, in efforts 
to better guide our adhesive choices. Ultimately, this did not yield an 
alternative method of assembling the soft and hard resin-based struc-

tures as one multi-component model. Attempts were then directed 
towards printing the entirety of the digital 3D knee and all of its sig-
nificant structures as a solid one-piece print with Formlabs White V4 
Resin, thereby enhancing the structural stability of the model and its 
durability (Figures 5 & 6).  After successfully printing a knee model 
containing bones, arteries, veins, nerves, and connective tissue com-
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ponents as a single unit (Figures 7a & 7b), additional models were 
easily customized via Blender by checking off the ‘exclude from view 
layer’ box in the scene collection tab of Blender. Using this method, 
we were successful in isolating the connective tissue structures of the 
proximal and distal aspects of the knee with emphasis on the junction 

between the femur and tibia (Figures 8-10). Rendering the models in 
this way allowed for the internal structures of the joint to be clearly 
visualized, with no need in using segmentation software to remove 
artifact/noise, and no loss of the intended structures.

Figure 6: 3D print of knee joint with scaffolding (bones, connective tissue, arterial and venous systems, nerves) in Formlabs White V4 Resin.

Figure 5: 3D printing the knee joint (bones, connective tissue, arterial and venous systems, nerves) in Formlabs White V4 Resin.
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Figure 7a & 7b: Anterior/posterior views of 3D printed knee joint (bones, connective tissue, arterial and venous systems, nerves) in Formlabs 
White V4 Resin. 

Figure 8: Superior view of tibial segment of knee joint (bones and connective tissue) in Formlabs White V4 Resin.
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Figure 9: Anterior view of femoral segment of knee joint (bones and connective tissue) in Formlabs White V4 Resin.

Figure 10: Inferior view of femoral segment of knee joint (bones and connective tissue) in Formlabs White V4 Resin.
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Discussion and Conclusions
3D printed models have been proven to be a valuable tool in an-

atomical education. Numerous studies have used CT scans to create 
such models providing extremely accurate spatial resolution of ana-
tomical structures, especially rare anatomic pathologies that may not 
be present in most cadavers [10]. Creating 3D printed models based 
on CT scans allows for the most accurate representation of human 
body parts. However, the use of CT scans to create 3D models does not 
allow for simple customization of which structures are represented in 
a given model or clear delineation of individual anatomical structures. 
For students learning anatomy for the first time it can be challenging 
to understand the relationship between anatomical structures with-
out a clear separation of structures, especially in an area like the knee 
that has multiple layers of muscle, cartilage, arterio-venous system, 
and bursas [15]. In this study we used an artistic rendering of a hu-
man knee to create a 3D model, thus illuminating a pragmatic alter-
native to traditional models based upon CT scans. This allowed for 
simple customization of the model by checking off boxes to include 
only the exact anatomical structures that were deemed pertinent by 
the educators at California Northstate University College of Medicine 
(CNUCOM). The use of an artistic rendering also allowed us to create 
models with selected structures removed to improve visualization of 
deep internal structures that are often difficult to make apparent on 
a cadaver. The creation of two separate models of the human knee, 
one with the femur removed (Figures 8) and the other with the tibia 
removed (Figures 9 & 10) allowed for improved visualization of the 
internal structures of the knee joint compared to a third model in 
which no bones and tissues were removed (Figures 7a & 7b). This 
third model serves as a comparison similar to a CT scan-based mod-
el, in which clear delineation of deep anatomical structures on visual 
examination proves challenging for a first-time learner, thus further 

reinforcing the potential value of our method.

Future Directions
At the time of the creation of these models, the first-year medi-

cal students at CNUCOM had already completed their musculoskel-
etal course that included the use of cadavers to teach anatomy. We 
hypothesize that this model will be a useful tool in the initial com-
ponent of anatomical education when most students have little to no 
background knowledge in anatomy. To test this hypothesis, we plan 
on conducting a randomized control trial with the next cohort of 
first year medical students at CNUCOM before they begin any cours-
es involving anatomy. We plan to separate participants into a control 
group (didactics with 2D images and the use of a cadaver), and two 
test groups (one group that utilizes didacts and a model generated 
from CT images, and one group that utilizes didactics with models 
generated from the 3D anatomically correct artistic renderings with 
only the structures deemed pertinent). These groups will be tested 
on their knowledge of the anatomy of the human knee before and 
after a learning session. We will be testing whether presenting 3D 
anatomically correct artistic renderings customized to showcase 
only pertinent structures will allow for better learning compared to 
the anatomically correct CT models (that are more realistic as they 
are from an actual patient but will have limited customizability and 
visibility due to inability to omit certain structures irrelevant to the 
topics being learned). With this study, we are hoping to see if 3D ana-
tomically correct artistic renderings could be an alternative, possibly 
better, learning aid when compared to cadavers and 3D CT models 
utilized by most medical schools. Additionally, our subsequent cohort 
of medical students have begun a similar project using our method to 
create customizable 3D-printed models of the upper extremity, thus 
highlighting its practicality and ability to inspire future generations of 
students through anatomical education (Index 1-3). 

Index 1 
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Index 2

Index 3
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