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gery that requires surgical experience due to the usual encassement of major abdominal blood vessels. Stan-
dard surgical planning is based on CT or MRI images. However, in complex cases, normal anatomy is altered
and it is dificult to interpret. 3D virtual planning and 3D Printing (3DP) can overcome this difficulties of com-
prehension. The most common 3DP technology used for this cases is material jetting. Nevertheless, this tech-
nology is very expensive and cannot be widely used. Consequently, its use is limited. The present study seeks
to introduce the possibility of reducing costs whilst mantaining the quality of the 3D printed protypes. A full-
process of a neuroblastoma case using hybrid manufacturing combining some FFF and some SLS 3D printed
parts is presented. The two processes are carried out separately and then joined in a final assembly. The cost of
the prototype was 347 €, which is significantly lower than a prototype 3D printed by material jetting.
© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND
license (

http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Neuroblastoma is a tumour derived from primitive cells of the
sympathetic nervous system and is the most common abdominal
solid tumour in childhood

[1]. It is mainly located in the adrenal gland. Other
locations include the neck and chest. The Interna-
tional Neuroblastoma Risk Group (INRG) defined a
series of imaging features seen at the time of neuro-
blastoma diagnosis that confer a poorer prognosis.
This Image-defined risk factors (IDRF) are the
encasement of major blood vessels and the grade of
infiltration of surrounding organs and tissues among
others

[2]. Surgery still remains a very important part of its
treatment and the presence of IDRF are related with
surgical outcomes

[3].

Additive Manufacturing (AM) has been widely used in different
fields such as electronics, aerospace, motor vehicles and medicine.
3D printing (3DP) is starting to bloom in this last sector, as it is nowa-
days used for different applications: tissue engineering |
4,

5], implants [

6,

7], or surgical planning

[8—10]. AM technologies can be classified into
seven different categories according to ISO/ASTM
52,900 Standard

[11]: binder jetting, direct energy deposition (DED),
material extrusion (includes Fused Filament Fabrica-
tion —FFF— and paste/slurry-based extrusion,
known as Direct Ink Writing —DIW—), material jet-
ting, powder bed fusion (includes selective laser sin-
tering —SLS— and selective laser melting —SLM—),
sheet lamination and vat photopolimerization
(includes stereolithography —SLA— and Digital
Light Processing —DLP-). Amongst them, vat photo-
polymerization, material extrusion, powder bed
fusion for plastic parts (SLS) and material jetting are

Fig. 1. CT scanner of the neuroblastoma case. Red and blue outlines of tumor and liver
have been drawn up manually over the DICOM. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the technologies commonly used for surgical plan-

ning prototypes.

In recent years, an effort has been made in the manufacture of
more realistic 3D models. For example, Krauel and Fenollosa-Artés
etal.

[12] attempted to 3D print three different neuroblas-
toma prototypes using material jetting (PolyJet®
technology by Stratasys®). This was an important
advance back in 2016. However, the mechanical
properties of the materials used, TangoBlackPlus™
and VeroWhite™, are still far from soft tissue ana-
tomical viscoelastic and mechanical characteristics.
This can be confirmed by Bezek et al.

[13], who measured several properties of the
TangoBlackPlus™ such as: (1) ultimate tensile
strength near 500 kPa and (2) elastic modulus over
200 kPa. Regarding the VeroWhite, its tensile
strength is 60—70 MPa and its Young's modulus
around 2.5 MPa. The elasticity values mentioned are
very different to that of real soft tissue anatomy

[14—18], which is lower than 20 kPa. Additionally,
Meisel et al.

[19] manufactured multi-material structures with dif-
ferent VeroWhite™ and TangoBlackPlus™ compo-
sitions and carried out several Dynamic Mechanical
Analysis (DMA) tests. The measured values of both
storage and loss modulus were very high, in the
range of MPa, in comparison to soft tissue viscoelas-
tic properties, which were in the range of 2—20 kPa
[20—23].

Therefore, there is still a gap between the mechanical and visco-
elastic properties of materials and real soft tissue anatomy, but it is
possible to reach higher goals by finding new materials that would
be able to mimic the properties of real soft tissue anatomy. Moreover,
the costs of most materials — as those above metioned used in mate-
rial jetting- are very high and need to be reduced in order to extend
the use of 3D printed prototypes for surgical planning.

Other AM technologies have different issues. For example, com-

mon FFF (Fused Filament Fabrication) based desktop 3D printers,
only were able to manufacture mono material and mono color proto-
types making it difficult to identify the different anatomical struc-
tures within the surgical planning prototype. Despite that, it is a cost-
effective technology. Thus, SLS (Selective Laser Sintering) has also
been used, but for 3D printing rigid and monomaterial prototypes
that were later painted to highlight anatomical structures |
12,
23]. This 3D printing technique is cheaper than
material jetting. Moreover, with these two mentioned
technologies, it is possible to manufacture an outer
mould, in which translucent and soft silicone or
hydrogel is cast. However, this method takes not
only a lot of time, but also a lot of effort. The steps
of the process are as follows: (1) manufacture of
internal structures and outer mould; (2) painting; (3)
placing the parts of the outer mould together; (4) sili-
cone or hydrogel casting; and (5) curing and postpro-
cessing.

Therefore, as material jetting is expensive, it limits the spread of
AM technologies and its associate benefits for surgical planning. The
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(A) CT data

(B) Image Segmentation
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(c) SLS Part

(d) FFF Part

Fig. 2. (A) CT data. (B) Image segmentation. (C) SLS part. (D) FFF part: green part is the biliary tract. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Multi-material 3D printer.

Table 1

Printing parameters for the 2-process 3D printing of the
liver part. TO: corresponds to the first tool of the multi-
material 3D printer, which was the sand color TPU filament
for the liver .T1: corresponds to the second tool of the
multi-material 3D printer, which was the PVA filament for
the support. T2: corresponds to the third tool of the multi-
material 3D printer, which was the green color TPU fila-
ment for the biliary tract.

Process Parameters Value
Process 1(T1/T2)  Layer Height [mm)] 0.15

# Top Solid Layers 8

# Bottom Solid Layers 5

# Shells 3

Infill (FF) [%] 10

Infill Angle [%] 45/-45

Printing Speed [mm/s] 2000
Process 2 (TO/T1)  Layer Height [mm] 0.15

# Top Solid Layers 6

# Bottom Solid Layers 5

# Shells 3

Infill (FF) [%] 8

Infill Angle [%] 45/-45

Printing Speed [mm/s] 2600

aim of this study is to show a full-process of a neuroblastoma case
using hybrid manufacturing, in other words, combining some FFF
and some SLS 3D printed parts. The two processes are carried out
separately.

2. Materials and methods
2.1. Image acquisition

Images were acquired with computer tomography (CT), (256 iCT
Philips).
Fig. 1 depicts the contrast enhanced abdominal por-
tal-phase CT scanner after 3 cycles of induction che-
motherapy according to protocol of a 3y old girl
with a high risk neuroblastoma with image defined
risk factors (IDRF)

[24]. Gross total resection (GTR) of the mass, that is,
more than 95% of all visible and palpable tumor is
recommended for these cases. The surgery is a very
demanding one and a thorough surgical planning is
adviced. Note the difficulty to differenciate the tumor
(red) from the liver (blue) and the relationship with
the inferior vena cava and portal veins. The use of
3D virtual reconstructions and 3DP surgical planning
prototypes can help the surgical planning of critical

Table 2
Printing parameters of the FFF materials.
PVA TPU

Active/Standby Temperature [°C] ~ 210/170  235/170
Extrusion Width [mm] 0.5 0.5
Nozzle Diameter [mm)] 0.4 04
Primary Layer Height 0.15 0.15
Retraction Distance [mm] 55 10
Extra Restart Distance [mm)] 0.1 0.1
Retraction Vertical Lift [mm)] 1.5 1.5

Retraction Speed [mm/s] 1000 720
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Fig. 4. Surgical planning prototype of a neuroblastoma case with image defined risk factors (IDRF).

Table 3
Cost of the materials for the manufacture of the surgical planning prototype.

Process Material Material cost [€]  Labour Cost [€]  Total [€]
FFF TPU FFF Parts 5 75 20

PVA FFF Parts 10
SLS PA 12 SLS Part 117 140 257
Total [€] 132 215 347

aspects of the surgery such as the anatomical loca-
tion of encased vessels.

2.2. Image segmentation, surface reconstruction, design and 3D printing

The development workflow of the surgical planning prototype can
be seen in

Fig. 2. The images obtained using CT scan are saved
in DICOM (Digital Imaging and Communications in
Medicine) format (

Fig. 2A). Image segmentation is the process carried
out in which several CT Dicom files are overlapped
for the 3D virtual reconstruction of the image (

Fig. 2B). A semi-automatic segmentation density-
based was carried out using IntelliSpace Portal from
Philips®.

Image segmentation and 3D virtual reconstructions allow to high-

light important aspects of the anatomy in different colors (
Fig. 2B): (1) the hepatic artery in red, (2) the tumor
in purple, (3) the inferior vena cava in blue, (4) the
portal system in green; (5) bone references in white;
(6) kidneys in brown; and (7) transparency for the
liver.

Two different parts are manufactured separately. The tumor,
blood vessels and the kidney were manufactured using polyamide
(PA) 12 with the SLS technology (

Fig. 2C). The 3D printer used was a Ricoh AM
S5500P, which has a layer thickness of 0.08
—0.1 mm, at CIM UPC facilities. Once it was 3D

printed, the different parts were painted to highlight
each anatomical structure. Additionally, in the pre-
sented case, the area of the tumor was 3DP leaving
circular spots in the tumor wall that allowed to see
the inside anatomy that was encased by the tumor
such as the superior mesenteric artery and renal ves-
sels.

On the other hand, the liver and portal system was 3D printed on
FFF technology (see
Fig. 2D) by using a multi-material 3D printer devel-
oped at CIM UPC facilities (see
Fig. 3).
Table 1 summarises the different parameters need to
be chosen for the manufacture of the FFF liver part.
Each STL has to undergo a pre-processing before
3D printing. Regarding the FFF 3D printing, three
materials were used (see
Table 2): green and sand colored TPU (Thermoplas-
tic Polyurethane) and PVA (Polyvynil Alcohol).
When the 3D printing was finished, the PVA materi-
alising support structures was removed by means of
immersion in water.

3. Results
3.1. Surgical planning prototype

Once both parts were 3D printed, they were placed together.
Fig. 4, shows the final prototype. Regarding the FFF
parts, they were left for 24 h in water in order to
remove the PVA support. The 3DP prototype was
used for surgical planning prior to surgery as well as
for communication purposes with the family for a
better understanding of the nature of the condition
and the surgery that was needed to be performed.
The 3DP prototype was sterilized with low tempera-
ture Hydrogen Peroxide (HPO) Sterilizer Matachana
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130HPO-2® at a maximum exposition temperature
of 54 °C and a program time of 51 min and brought
to the Operation Room so it could be checked any
time during surgery by the surgical team.

Table 3 summarises the costs in terms of materials

and labour.

4. Discussion

The manufacture of multi-material 3DP parts is a promising path
that opens the door to the possibility of having prototypes with dif-
ferent materials that have different properties. 3DP phantoms can
help achieve better surgical outcomes, especially in oncological sur-
geries or other conditions were patients have a unique form of pre-
sentation or uncommon and distorted anatomical characteristics.
Additionally, using different materials, is an initial approach to better
simulate the different aspects of real anatomy. It is true that the
multi-material prototypes that are manufactured with FFF materials
are mostly rigid. Nevertheless, prototypes can be created with differ-
ent colors highlighting important anatomical structures. Moreover,
TPU offers a flexibility as well as more softness than PLA. With this in
mind, this novel approach for the manufacture of surgical planning
prototypes demonstrates that it is possible to 3D print cost-effective
realistic models.

The process in the manufacture of the 3D model took 48 h to com-
plete, less than Witowski et al.

[25]. Additionally, its cost was cheaper when com-
pared to material jetting prototypes, and has a price
around 2000 €

[12].

5. Conclusion

The present study explains the possibility of combining different
AM technologies together for the manufacture of 3D printed proto-
types. In this paper, a prototype was manufactured using two differ-
ent technologies such as SLS and FFF. This approach led to a
significant reduction of costs. The more the costs of the prototype are
cut off, the more number of prototypes will be 3D printed because
they will be more cost-effective. On the other hand, these 3DP models
can also be used for medical and patient education. Combining the
sense of touch with the sense of sight, known as the theory of “touch
to learn” has demonstrated to increase and consolidate new learnings
specially in surgery
[26]. 3D printed models can help to prepare a thor-
ough surgical planning for complex cases as well as
help patients and their caregivers understand their
condition.
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