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Abstract

3D printing is becoming increasingly important as time passes, with the latest technologies driving
innovation in many fields, including ophthalmology. However, more is needed to know how clinicians can
become innovators in their daily practice without needing expert engineering knowledge of the underlying
technologies. We aimed to address that shortcoming by developing a pipeline clinicians can use to 3D print.
This workflow was named SS3DP: Segment, Slice, and 3D Print. It was tested by fabricating a 3D-printed
eyeball. In terms of the results of this work, we observed that the segmentation process was imperfect due to
the difficulty of segmenting small structures. The learning curve was steep initially, but the technique
improved the more time spent on the segmentation platform. No quantitative analysis was carried out.
Innovation in medicine is stifled if its leading participants, clinicians, cannot engage with it due to a lack of
knowledge.
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Introduction

Technological innovation has enabled 3D printing, which has risen in use in the last few years owing to
lower entry costs and interest in designing patient-specific treatments at the point of care. In
ophthalmology, they have been used to produce ocular implants and prostheses, moulds to guide surgical
planning, adapters used to diagnose diseases of the retina and eye models to teach anatomy [1].

3D printed anatomical models have proven utility for medical undergraduate and postgraduate education in
replacement of traditional cadaveric dissection. Previous work has focused on 3D printing models of the
circle of Willis, the cerebral venous system, and the whole eye, while others have constructed eyes made of
glass that were used to teach an ophthalmoscopy [2,3]. Another team constructed eyes from CT images and
edited them to highlight critical anatomical structures, which, when 3D printed, proved to be a very accurate
representation of the bony and soft anatomy of the orbit but lacked the precision needed to capture fine
osteological features of the orbital bones [4]. Nevertheless, despite the lack of limitations, 3D-printed eyes
from cadaveric prosections were formally assessed to be of sufficient quality for postgraduate training by the
Royal Australian and New Zealand College of Ophthalmologists [5]. Further application includes 3D printing
surgical simulation models, such as strabismus to lessen the learning curve [6].

Although early adoption and application of 3D printing in ophthalmology are very exciting, but are not
easily accessible due to the specialist skills required and lack of knowledge of fabrication methodologies.
Therefore creating a reliance on industry or resourceful academic institutions to lead. This creates an elite
model thereby limiting wider benefit. We report a 3D printing pipeline to improve access to anatomical
modelling and printing using real-life data from imaging modalities such as CT or MRI.

Technical Report

Method
Development of Eye Model (SS3DP) Method

We developed the Segment, Slice and 3D Print (SS3DP) pipeline using open-source software (Figure 1) [7-9].
The MRI images used in this example were freely available on the Slicer website (https://www.slicer.org/) [7].
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FIGURE 1: This flowchart depicts the pipeline and workflow.

Open source software (3D slicer version: 5.2.2) is used to segment, and UltiMaker Cura (UltiMaker B.V., NY, USA)
to slice images, preparing the output for 3D printing.

Segmentation

Digital Imaging and Communications in Medicine (DICOM) is an international technical standard for the
digital storage and transmission of medical images, which are composed of stacked 2D images. 3D printing
from DICOM images needs to be segmented into a format compatible with the 3D printer. DICOM images are
now commonly segmented into a 3D computer-aided design (CAD) format, serving as intermediate data for
further processing, including setting the region of interest (ROI). Among the various file formats for 3D CAD
data, the Standard Tessellation Language (STL) file format is the most widely used for 3D printing.

We used an open source software for the segmentation process utilising two pre-installed modules, namely
the volume rendering and segmentation editor. Initially, we volume-rendered the three images to allow us to
visualise the MRI images. We then adjusted the display shift to higher values to make the human head mould
more recognisable. The segmentation editor was then used to create two segmentations, eye and connective
tissue. We used the level tracing function to automatically capture most of the areas of interest. The draw
and erase function allows us to tailor the segmentation to define precision and eliminate artefacts. Once the
segmentation of each structure was complete, we exported it into STL format and merged the segmented
structures into one (Figure 2, Video I).
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FIGURE 2: This figure shows the segmented eyeball with the overlying
connective tissue.

These images were taken after the segmentation process was completed on the 3D Slicer.

VIDEO 1: Segmentation tutorial

View video here: https://youtu.be/50k1RdsH9Dc

Slice

Slicing involves transforming the 3D model file into a machine-readable language, known as the G-Code file.
The printer can only execute successful prints after interpreting this specific machine language.

We imported the STL file on UltiMaker Cura (UltiMaker B.V., NY, USA), which enabled us to reconstruct the
print instructions. We used generic tough polylactic acid material with print core AA 0.4 and generic
polyvinyl alcohol AA 0.4 for the second extruder, with 20% infill to provide support. Alternative print core,
such as AA 0.8, may offer speed for printing. However, we selected 0.4 which offered the best resolution of
0.1 mm required. We set the profile to Visual to maximise the accuracy of the 3D-printed eye model. We then
sliced it and exported the sliced eye model into the UltiMaker Format package (.ufp) (Figure 53).
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FIGURE 3: This figure shows the sliced eye model

Red represents the eye model. Blue represents the support material required to print the eye model whilst
maintaining structure.

3D Print

UFP files can be then imported and executed by the 3D printer (we used UltiMaker S5). After production, we
let the model dry and removed the support material (Figure 4). On physical inspection of the 3D printed
model, areas of smoothness were observed with some rough surfaces owing to imperfect segmentation.
Focal heating to the areas can utilised to manually sculpt the model and reform the material.

Alternatively, further refinement of the segmentation can be performed if multiple printing is required.

FIGURE 4: This figure shows the 3D-printed eye model.

Discussion

In this report, we developed an SS3DP workflow that clinicians can use to 3D print eye models originating
from 3D imaging techniques, such as MRI or CT, which cost under £5 to produce.

The limitation of the resolution of the model is dependent on the primary source quality and segmentation
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process. Higher-quality images or using a combination of 3D imaging modalities can increase the accuracy of
the 3D models. This may be accomplished using the logical operators function on the 3D slicer, which can
combine segmentations. We used generic MRI scans for the proof of concept that was freely available, rather
than dedicated orbital or ocular imaging, which would have provided better resolution.

Slicing and 3D printing depend highly on segmentation, so the better the segmentation, the better its by-
products. Our model had imperfections, partly due to the manual and imprecise segmentation. We could
overcome the challenges by physically sculpting or refining the 3D model with manual slice editing; the
latter, which improves print quality, is more time-consuming. The learning curve for segmentation is steep,
for this reason, we present a video tutorial. With the advancement of segmentation, clinicians who strive for
very high anatomical accuracy could consider using automatic segmentation like the one used by Ciller et al.
that segmented the sclera, cornea, vitreous body and lens [10]. Alternatively, volumetric heatmaps can
quantify segmentation, showing mismatches to refine the model. Although no formal metrics exist, they
would yield higher accuracy if used. However, these are helpful markers that can be studied and used with
caution to help delineate clinically significant differences [11]. Looking ahead, multiple segmentations may
also help get the best outcomes. The simultaneous Truth and Performance Level Estimation (STAPLE)
algorithm can combine all different segments of the same structure, which are scored, producing a
probabilistic estimation of the actual segmentation [12]. This would be instrumental, especially for applying
our pipeline in surgical planning, where accuracy is paramount. The ideal situation would be to have auto-
segmented 3D file formats directly from the primary source rather than conversion software.

Using a high-quality 3D printer helps make the process much more accessible but comes with a considerable
cost. Although entry costs to 3D printers have fallen drastically over the years, professional 3D printers are
still expensive and may not be affordable and cost-effective for every clinician [13]. Professional 3D printing
services exist and are more cost-effective if clinicians do not plan to use the technologies extensively.

Several limitations should be considered when interpreting the study results. Firstly, the 3D-printed eyeball
wasn't assessed against educational standards for its anatomic accuracy and usefulness. Future studies on
this should aim to seek to validate 3D-printed objects against official academic guidelines reporting
anatomic accuracy. Secondly, this is a proof-of-concept guide to provide access to 3D model printing using
non-dedicated, general, free-to-use DICOM images. We did not quantitatively assess the findings using
validated methods which would have otherwise increased the accuracy and precision of the segmentations.
Thirdly, this study produced only one eye prototype, but we should have printed the same eye many times to
observe if there were any significant visual discrepancies caused by 3D printing.

The pipeline has many implications for nearly all specialities as they can be used to construct anatomical
structures for teaching, surgical planning or ocular implants, paving the way to more patient-specific
treatments at the point of care [1].

Future work should focus on validating our pipeline and using experts in the field to segment and validate
the 3D-printed prototypes. It is also essential for different 3D printers to be used to assess how more
affordable options can produce equivalent results because not every clinician can afford to buy a 3D printer
that costs £5,000 [13].

Conclusions

In summary, we developed a pipeline called SS3DP that clinicians can use to 3D print anatomical structures.
Although limited to eyes, this study can be used for other systems and other specialities as the principles of
the pipeline are universal. This work can be applied to other aspects of ophthalmology, making 3D printing a
powerful tool to educate and pre-operative planning.

Additional Information
Disclosures

Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: All authors have confirmed that this study did not involve animal subjects or tissue.
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements

We want to thank Chayabhan Limpabandhu, Zion Tsz Ho Tse and Haipeng Liang Bennett for assisting with
the 3D printing process.

2023 Giannakis et al. Cureus 15(11): e49614. DOI 10.7759/cureus.49614 50of 6


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

References
1. Larochelle RD, Mann SE, Ifantides C: 3D printing in eye care . Ophthalmol Ther. 2021, 10:733-52.
10.1007/s40123-021-00379-6
2. Ramesh PV, Devadas AK, Joshua T, Ray P, Ramesh SV, Ramesh MK, Rajasekaran R: 3D printing
ophthalmology related models for enhancing learning through the concept of puzzle assembly - a
comprehensive self-learning tactile tool kit. Indian ] Ophthalmol. 2022, 70:1384-6. 10.4103/ijo.1JO_2593 21
3. WuC, Luo M, Liu Y, Dai R, Zhang M, Zhong Y, Chen Y: Application of a 3D-printed eye model for teaching
direct ophthalmoscopy to undergraduates. Graefes Arch Clin Exp Ophthalmol. 2022, 260:2361-8.
10.1007/s00417-021-05538-w
4. Sassaki YK, Costa ALFDA, Yamanaka PG, Chrispin TTB, Daros KAC, Choi SNJH, dos Santos VR: Three-
dimensional printing of orbital computed tomography scan images for use in ophthalmology teaching. Rev
Bras Oftalmol. 2022, 1:42. 10.37039/1982.8551.20220042
5. Adams JW, Paxton L, Dawes K, Burlak K, Quayle M, McMenamin PG: 3D printed reproductions of orbital
dissections: a novel mode of visualising anatomy for trainees in ophthalmology or optometry. Br |
Ophthalmol. 2015, 99:1162-7. 10.1136/bjophthalmol-2014-306189
6. Jagan L, Turk W, Petropolis C, Egan R, Cofie N, Wright KW, Strube YN: Validation of a novel strabismus
surgery 3D-printed silicone eye model for simulation training. ] AAPOS. 2020, 24:3.e1-6.
10.1016/j.jaapos.2019.10.008
7. File:MR-head.nrrd. Accessed: April 26, 2023: https://www.slicer.org/wiki/File:MR-head.nrrd.
8. Download 3D Slicer. Accessed: April 26, 2023: https://download.slicer.org/.
9. UltiMaker Cura: Powerful, Easy-to-Use 3D Printing Software . Accessed: April 26, 2023:
https://ultimaker.com/software/ultimaker-cura.
10. Ciller C, De Zanet SI, Riiegsegger MB, et al.: Automatic segmentation of the eye in 3D magnetic resonance
imaging: a novel statistical shape model for treatment planning of retinoblastoma. Int ] Radiat Oncol Biol
Phys. 2015, 92:794-802. 10.1016/j.ijrobp.2015.02.056
11.  Fogarasi M, Coburn JC, Ripley B: Algorithms used in medical image segmentation for 3D printing and how
to understand and quantify their performance. 3D Print Med. 2022, 8:18. 10.1186/s41205-022-00145-9
12.  Warfield SK, Zou KH, Wells WM: Simultaneous truth and performance level estimation (STAPLE): an
algorithm for the validation of image segmentation. IEEE Trans Med Imaging. 2004, 23:903-21.
10.1109/TMI1.2004.828354
13.  UltiMaker Range of Desktop 3D Printers at CREAT3D . (2023). Accessed: April 26, 2023:

https://www.creat3d.shop/ultimaker-3d-printers.html.

2023 Giannakis et al. Cureus 15(11): e49614. DOI 10.7759/cureus.49614

6 0of 6


https://dx.doi.org/10.1007/s40123-021-00379-6
https://dx.doi.org/10.1007/s40123-021-00379-6
https://dx.doi.org/10.4103/ijo.IJO_2593_21
https://dx.doi.org/10.4103/ijo.IJO_2593_21
https://dx.doi.org/10.1007/s00417-021-05538-w
https://dx.doi.org/10.1007/s00417-021-05538-w
https://dx.doi.org/10.37039/1982.8551.20220042 
https://dx.doi.org/10.37039/1982.8551.20220042 
https://dx.doi.org/10.1136/bjophthalmol-2014-306189
https://dx.doi.org/10.1136/bjophthalmol-2014-306189
https://dx.doi.org/10.1016/j.jaapos.2019.10.008
https://dx.doi.org/10.1016/j.jaapos.2019.10.008
https://www.slicer.org/wiki/File:MR-head.nrrd
https://www.slicer.org/wiki/File:MR-head.nrrd
https://download.slicer.org/
https://download.slicer.org/
https://ultimaker.com/software/ultimaker-cura
https://ultimaker.com/software/ultimaker-cura
https://dx.doi.org/10.1016/j.ijrobp.2015.02.056
https://dx.doi.org/10.1016/j.ijrobp.2015.02.056
https://dx.doi.org/10.1186/s41205-022-00145-9
https://dx.doi.org/10.1186/s41205-022-00145-9
https://dx.doi.org/10.1109/TMI.2004.828354
https://dx.doi.org/10.1109/TMI.2004.828354
https://www.creat3d.shop/ultimaker-3d-printers.html
https://www.creat3d.shop/ultimaker-3d-printers.html

	The Segment, Slice, and 3D Print (SS3DP) Workflow of 3D Printing Eye Anatomy for Clinicians: A Proof-of-Concept Study
	Abstract
	Introduction
	Technical Report
	Method
	FIGURE 1: This flowchart depicts the pipeline and workflow.
	FIGURE 2: This figure shows the segmented eyeball with the overlying connective tissue.
	VIDEO 1: Segmentation tutorial
	FIGURE 3: This figure shows the sliced eye model
	FIGURE 4: This figure shows the 3D-printed eye model.


	Discussion
	Conclusions
	Additional Information
	Disclosures
	Acknowledgements

	References


