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Abstract: This manuscript presents a 3D printing method, especially human
bone anatomy, in a cloud and online system. The human bone anatomy,
specific skull and foot bone, of the patient’s digital imaging and
communications in medicine (DICOM) file, is uploaded to the so-called
3DPNet-DICOM cloud. After printing, the 3DPNet-DICOM cloud sends a
notification and the 3D printed bone model to the hospital by courier. The 3D
images constructed from the DICOM file and the 3D printed model was
identifiable with no significant dimensional errors. The result is to eliminate the
human operators’ activity, and queuing at the order process.
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1 Introduction

A computer tomography (CT) can acquire anatomic images of specific areas of interest,
such as human bone anatomy. A CT scan is easily made available and is the preferred
imaging technique for studying bone structures. When CT scan results are available, the
doctor can explain the results to the patient. Patients may difficult to understand the
doctor’s explanation of the X-ray image (Biicking et al., 2017; McCabe and Healey,
2018), and may not thoroughly interpret the X-ray images after clarification by the doctor
(Scholz et al., 2019). Patients might better understand their condition if presented with a
3D physical model rather than an X-ray image (Zheng et al., 2018). At present, the entire
3D printing process is manually performed by human operators (Osti et al., 2019). The
manual 3D printing process in hospitals and its application software tools are burdened
by the standard processing time, need for operators, and order queues of the 3D printing
process (Ramola et al., 2019).

In biomedical applications, low-cost 3D-Printing is becoming more popular as it
offers an opportunity to personalise patient care (Aimar et al., 2019). In addition to the
use of 3D printed models to assist patient consultation with doctors, it is also used to
build and install customised surgical devices and organs, clinical practice and training
models, clinical testing models, tissue engineering, drug delivery, bone-implant
replacement, and operation planning using the 3D printers in biomedical (Ahangar et al.,
2019; Bose et al., 2018). A cloud and online system of 3D printing service would support
any hospitals and medical colleges in a different location.

Digital 3D printed models are also expected to become extensively used at a low cost
in biomedical fields (Carbonaro et al., 2020). 3D printing processes in the cloud are the
future direction of 3D printing research (Navale and Bourne, 2018). Infrastructure as a
framework and platform as a service has developed medical imaging with rendering
methods through cloud computing technology, but the disadvantage is that the images are
not online or interactive. (Biicking et al., 2017). Communication between the cloud and
the 3D printer remains an offline service in biomedicine (Zhang et al., 2019)

This study proposes a new printing method called 3DPNet-DICOM cloud.
Combining a 3D printer, a point cloud, and an online system, this method prints a human
bone anatomical part directly from the DICOM file. The model 3D printed can help
patients understand the doctor’s explanation. The expected clients of 3DPNet-DICOM
are CT scan operators and doctors in hospitals and medical colleges. We will highlight
how 3DPNet-DICOM can serving multi-client of hospitals and medical colleges in
different locations. In an evaluation study, the 3D images were constructed from the
DICOM file and the 3D printed model, to eliminate the human operators’ activity, and
queuing at the order process.

The following is the outline for the paper. Section 2 reviews relevant literature about
cloud, online and 3D printer applications in biomedical. Section 3 research methods
include the current framework, design of the proposed framework and experiment tools.
Section 4 discusses the result. Finally, Section 5 concludes the study and provides
contributions as well as future research directions.
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2 Literature review

3D printing technology is used to create human organs from exact CT scan scans
(Radenkovic et al., 2016). 3D printers can be a cost-effective, on-demand method of
fabricating complex geometric items in practically any shape with various materials,
including metals, polymers, ceramics, and bioinks (Ahangar et al., 2019). 3D printer
technology for biomedical (Walker, 2017), healthcare (Dodziuk, 2016), and radiologist
(Mitsouras et al., 2015) applications in both research and clinical settings (Aroca et al.,
2017). Low-cost 3D printed models can transform various medical picture modalities,
which is helpful for better understanding the geometric structure and complex spatial
features of anatomical organs (Shui et al., 2017). When paired with medical imaging, 3D
printing creates a powerful combination that has substantially impacted medicine. It is
utilised to construct unique prosthetics, teach trainees how to conduct complex
procedures, and develop anatomical models to aid complex operations (Marro et al.,
2016). 3D printers that use fused deposition modelling (FDM) have recently become
popular in the industrial and medical areas. The nozzle temperature setting can be
automatically adjusted by a cyber physics system (CPS), considerably minimising the
distortion of 3D printed models (Miao et al., 2019). There are three steps from medical
photos to 3D printed models: picture segmentation, mesh refining, and 3D printing
(Biicking et al., 2017).

Bone printing using a 3D printer is beneficial in facilitating medical education,
primarily helping introduce bone structure, bone tissue, and temporal bone as tools for
otologic. Because using cadaver bones is related to ethics (Gadaleta et al., 2020; Hann
et al., 2021). Furthermore, the utilisation of 3D printing techniques to generate
one-of-a-kind specific structures that can reconstruct or remodel certain structures in
human bones (Bose et al., 2018). Image processing technologies and segmentation
techniques can be used to analyse the bone structure to create a solid model for 3D
printing (Cho et al., 2015). The segmentation procedure can perfectly build a prototype
temporal bone model by quick 3D printing of CT scans with clinical quality (Cohen and
Reyes, 2015). A handmade medical 3D printer with a printing resolution of 0.1 mm can
also be used for bespoke bone printing (Yoon et al., 2016). All the 3D printing techniques
are currently unavailable. In manufacturing, 3D printers and cloud production usage has
shown considerable potential (Guo and Qiu, 2018; Zhang et al., 2020). 3D printing
services are being developed to minimise manufacturing time, costs and increase service
quality. Multi-task scheduling in 3D printing services is one solution dispersed in cloud
manufacturing (Liu et al., 2021). Cloud-based 3D printing services are also being
developed for small and medium-sized businesses (Chu et al., 2018). Future access
protocols on the manufacturing cloud platform can use an application programming
interface (API) and a remote monitoring system (Baumann et al., 2017; Yiming et al.,
2017).

The 3D printing model was validated by measuring the anterior-posterior (A-P),
left-right (L-R), and top-bottom (T-B) length differences between the 3D image and the
3D printed model. The size of the 3D image model was calculated using InVesalius
software, and the dimensions of the 3D printed model were measured by the calliper
method. The A-P and L-R lengths were measured from the axial slices, the T-B and A-P
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lengths were measured from the sagittal slices, and the L-R and T-B lengths were
measured from the coronal slices. The A-P, L-R, and T-B dimensions were then
calculated by equations (1), (2), and (3), respectively. All measurements were taken by
four observers (Odeh et al., 2019).

A-P = max(A-P length in axial slice, A-P length in sagittal slice) 1)
L-R = max(L-R length in axial slice, L-R length in coronal slice) 2)
T-B = max(T-B length in sagittal slice, T-B length in coronal slice) 3)

3 Research method

In the current condition, some hospitals and medical schools are producing 3D printed
models in-house. However, if the hospitals and medical schools cannot fulfil all 3D
printing orders, the 3D printing is outsourced to an external production unit. Transfer data
in the 3D printing process in-house, in hospitals and medical colleges, are using an SD
Card with a human courier or USB type-B cable. But for the external, transfer data in the
3D printing process between hospitals and medical schools with external 3D printing
process units are using an email. Manual printing from a DICOM format file to a 3D
printed model involves three processes. In the first step, the bone segment is
reconstructed using software such as InVesalius, LeadTools, MevisLab, or Embodi3D.
The second step is setting the 3D printer parameters, and resizing, slicing, and generating
the G-Code command using software such as Slic3r, Replicator G, Cura, FreeCAD, or
AlI3DP. The G-Code format file is transferred to the 3D printer. Finally, the G-Code
command is executed on the 3D printer using Marlin Firmware software. At some
hospitals, medical colleges, and external production units, each step of the process is
performed by a single human or separate human operator for all processing steps.

In the present study, a bone object is printed using the 3DPNet-DICOM cloud. The
3DPNet-DICOM cloud is accessible to hospital staff, especially the CT scan operator as a
customer. Customers can upload 3D images from a CT scan to the 3DPNet-DICOM
cloud as a DICOM file through the VPN platform with an HTTPS protocol for security.
The 3DPNet-DICOM cloud converts the DICOM file to stereolithography (STL) format.
If the 3D printer is idle, the STL file is translated into a G-Code file and delivered to the
3D printer via a WiFi router and Raspberry Pi 3. When the 3D printer has finished
running, 3DPNet-DICOM notifies the customer by email.

The 3DPNet-DICOM cloud is encoded in Python 3 and runs on the operating system
Linux (Ubuntu 18). Python and Linux were selected because they are open-source and
free of charge. 3DPNet-DICOM source code can access via permanent connection
https://github.com/luddy-indra/3DPNet-DICOM. The license under the legal law is GNU
General Public License v.3. The 3DPNet-DICOM software runs in two main stages. The
first stage converts a DICOM file into an STL file. Two modules — the initialisation
module and the STL-convert module operate in a flask environment. The initialisation
module performs the registration and login of the customer, displays the customer’s
profile, and uploads a DICOM file in zip file format. Customer data will be saved in the
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customer database, and a zip file will be saved in the history zip and temporary zip
folders. The STL-convert module converts a DICOM file into the STL file module. Its
functions perform extraction from the zip file, loading of the 3D image file, bone
segmentation, and saving the bone segmentation in the STL file. STL file will be saved in
the history_stl and temporary stl folders. The second stage converts the STL file into a
G-Code file and delivers it to the 3D printers. The functions of the second stage check the
3D printer status, resize the 3D image dimensions to those of the working area of the 3D
printer, slice the 3D image, generate a G-Code file, deliver the G-Code file to the 3D
printer, delete the G-Code file from upload folder after printing, and send an email
notification to the customer.

The mesh 3D image reconstruction is performed by improved marching cube
algorithm (IMCA), the algorithm is relatively simple (Masala et al., 2013). The threshold
of IMCA is 200 for a single-slice CT scan (Purnama et al., 2019), and 210 for a
multi-slice CT scan (Purnama et al., 2020b). The algorithm that resizes the 3D image
dimensions reduces the 3D image size by 5% decrements until the 3D image size is equal
to or less than the working area of the 3D printer.

3D image slicing and generate G-Code process through an application program
interface (API) with CuraEngine ver. 15.04.6. The API software sets the parameters of
the 3D printer, performs the slicing, and generates the G-Code commands following the
3D printer’s specifications (Baumann et al., 2017, Purnama et al., 2020a). So,
3DPNet-DICOM software can access only 3D printers that are compatible with
CuraEngine software. The 3D printer parameters are the nozzle temperature and size, the
support material and its specifications, and the speed, fill density, machine setting, and
printer-head size of the printer.

The experimental data were sampled from DICOM files of a skull and a foot bone
extracted from the DICOM library (sourced from https://www.dicomlibrary.com/). The
3D images of the skull and foot bone were constructed from 181 and 192 slices,
respectively. All skull and foot bone slices have the same dimensions (512 mm X
512 mm). The experiment was performed on a low-cost fused deposition modelling
(FDM) 3D printer, with specification: the x-y-z dimensions of the 3D printer were
110 mm x 120 mm x 170 mm, the gantry height and nozzle size were 55 mm and
0.4 mm, respectively, the compatible material diameter was 1.75 mm, and the printing
temperature and speed were 200°C and 60 mm/s, respectively. The travel speed was
120 mm/s, and no heated bed was required. The material was filament polylactide (PLA)
with a diameter of 1.75 mm. The 3D printing model was validated by measuring the A-P,
L-R and T-B length differences between the 3D image and the 3D printed model. The
researcher determines the A-P, L-R, and T-B point that has the widest area. The size of
the 3D image model was calculated using InVesalius software, and the dimensions of the
3D printed model were measured by the calliper method. A-P, L-R, and T-B
measurements were carried out by four observers.
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4 Result and discussion

4.1 3DPNet-DICOM cloud queue

Customers can access the 3DPNet-DICOM software from a computer, laptop, tablet, or
smartphone connected to the Internet. The login process protects the privacy and data of
the consumer. Stage 1 of the 3DPNet-DICOM flowchart can be simultaneously processed
for multiple customers, negating the need for queuing. In the 3DNet-DICOM cloud,
customers are queued only in stage 2 (which involves resizing, slicing, and creating a
G-Code process), because this stage proceeds only when a 3D printer is available. So it is
potentially a bottleneck at stage 2.

4.2 Total processing times of manual 3D printing and 3DPNet-DICOM cloud

Table 1 compares the standard processing times of 3DPNet-DICOM cloud and manual
3D printing with application software tools. 3DPNet-DICOM cloud reduced the standard
processing time by approximately 90% in stage 1, and by 80% in stage 2a. In stage 2b,
the times of processing the skull and foot bone by the manual and 3DPNet-DICOM cloud
methods were decreased by 6—10%, respectively.

Table 1 Comparison of standard processing time for existing and 3DPNet-DICOM cloud

Standard processing time

Stage Activity Existing 3DPNet-DICOM
Skull Foot-bone Skull Foot-bone
1 3D image reconstruction 5 minutes 4 minutes 30.45 seconds  23.50 seconds
and bone segmentation
process
2a Resizing, slicing, and 2.5 minutes 2 minutes 25.05 seconds  20.10 seconds
generate G-Code process
2b Setup and 3D- 16 hours 5 hours 15 hours hours
Printingprocess

The work performed by human operators was considerably reduced by the
3DPNet-DICOM cloud. Users of the 3DPNet-DICOM cloud only to the segmentation
process (in stage 1) and the resizing process (in stage 2a). As segmentation and resizing
require high concentration and accuracy, both processes can quickly tire the operator.
Moreover, the allowance factors of close attention are very exacting, the mental strain is
complex, and the monotony and tediousness factors are high. Elimination of human
operators in stages 1 and 2a would reduce the operational costs. After production,
cleaning the 3D printed model from its support is difficult because PLA is a weak
material. Cleaning the 3D-printed model thus requires patience, caution, accuracy, and
time. The 3DPNet-DICOM cloud requires an operator to remove the 3D printed model
from the 3D printer workbench and clean its support.
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4.3  3D-printed model by 3DPNet-DICOM cloud

Under the specifications of the FDM 3D printer, the 3D printed models of the skull and
foot bone were scaled by 40% and 30%, respectively. The extruded layers, total print
times, filament lengths, and weights of the 3D printed models were 262, 15.0 hours,
35.21 m, and 25 g for the skull, and 257, 4.5 hours, 7.88 m, and 15 g for the foot bone.
The 3D printed models of the skull and foot bone are displayed in Figures 1 and 2,
respectively. Both models are presented from the axial, sagittal, and coronal sides. The
actual dimension of the 3D printed skull model is 85 mm x 62.8 mm x 101 mm and 3D
printed foot bone model is 88.3 mm X 61 mm % 43 mm.

Figure 1 3D printing model of the skull from the (a) axial side, (b) sagittal side and (c) coronal
side (see online version for colours)

@) (b) ©

Figure 2 3D printing model of the foot bone from the (a) axial side, (b) sagittal side and
(c) coronal side (see online version for colours)

@ (b) ©

4.4 Validation of 3D printing model

Table 2 lists the physical measurements of the 3D images and 3D printed models of the
skull and foot bone. The A-P, L-R and T-B features of both models were calculated by
equations (1), (2), and (3), respectively. In the validation process, the 3D printed model
skull and foot bone measurements of 40% and 30%, respectively, were equalised to
100%. All measurements of the 3D images and 3D printed models differed by less than
0.001 mm. It was concluded that the 3D image and the 3D-printed model were
identifiable with no significant dimensional error.
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Physical measurement of 3D image model and 3D-printing model

Table 2

‘wojoq pue doj — g-1, WSu pue o — Y- ‘Joussod pue JOLUE — J-V 190N

(L€20°00T) (1520°001) (¥20°001) (€20°001)
L9000°0 0000°0 0100°0 00€" EPI/HEE EPT 00€°EP1/9€€ EF1 00€°EP1/SEE EPT 00€" EP1/HEE EPT g-L
(L910°001) (L910°001) (zL10001) (L910°001)
$2000°0 00000 $000°0 00€"€0T/PEE €0T 00€"€0T/€€°€0T 00€°€0T/SEE°€0T 00€"€0T/PEE €0T a1
(9110°001) (9110°001) (6110°001) (9110°001)
L1000°0 00000 $000°0 00 v6T/7EE T6T 00€ v6T/7EE 76T 00€¥6T/SEE V6T 00€"V6T/VEE 16T dv 3u0q 300
(8000°001) (9100°001) (8000°001) (£000°001)
050000 00000 $000°0 005°20T/205°TST 00S°TST/H0§°TST 005°20T/205°TST 005°TST/108°CST g-L
(6100°001) (€100°001) (6100°001) (9000°001)
190000 00000 0100°0 000°LST/€00°LST 000°LS1/200°LS T 000°LS1/€00°LS T 000°LST/100°LST a1
(6000°001) (6000°001) (#100001) (5000°001)
8€000°0 00000 8000°0 00S°T12/208°C1T 00S°CT1T/208°CIT 00S°CTIT/€0STIT 00S°T12/108°CIT dv s
2oua.42ffip 9 (it (i) ¥ 424.4125G() € 244289 () 7 4244259 () [ 424.025g0)
W70 apow Suyuiid-qs  japow a8t (7§ ’ Py— a1dups
122190

$.494428G0  UO1JOD UOIDINSP PADPUDIS F

(20ua.12[fip 94) Wi Ul JUWNSVIUL [2POUL SUlIULIA-TE/1UdWDNSDIUL [2POUL 2SDUIL (J§




Cloud and online system of 3D printing for serving multi-client 31

5 Conclusions

The 3DPNet-DICOM cloud is an open-source application, especially for human bone
anatomy, that runs well in the Linux (Ubuntu 18) operating system. The intended
customers of this software are doctors and CT-scan operators in hospitals and medical
colleges in different locations. The software inputs a DICOM file (a 3D image from a CT
scanner) in zip file format and outputs a 3D printed model of bone structures.
3DPNet-DICOM reduced the standard processing time of 3D-image on stages 1 and 2a
by reducing the human operator activity. In stage 2b, it was decreased by reducing
material support. Queues at the beginning of the process were removed because stage 1
of the 3DPNet-DICOM flowchart can simultaneously process multiple customers. The
3D images from DICOM and the 3D printing models were identifiable with significant
dimensional errors. The model 3D printed can help patients understand the doctor’s
explanation.

In future research, the 3DPNet-DICOM cloud data will be validated on another 3D
printer with different materials (rigid, semirigid, and flexible materials) (Garcia et al.,
2018). Furthermore, the position of the 3D image in the work area of the 3D printer will
be optimised to reduce the material support of the 3D printed model.
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