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The special issue focuses on different features related to the
design of additively manufactured lattice structures for
biomedical applications. In many cases, the process-struc-
ture-property relationship and technical features are dis-
cussed from a morphological, mechanical, and functional
point of view. In particular, an overview of the Additive
Manufacturing processes, software methods, and design
criteria, which allow the direct fabrication of 3D porous
structures and lattices with tailored properties, are reported.
Accordingly, the current special issue aims at providing new
insights into the development of advanced devices and il-
lustrates theoretical/experimental approaches used by re-
searchers working in the field.

1. Introduction

The Additive Manufacturing (AM) techniques allow crea-
tion of objects with complex shape as they are based on the
process of joining materials, layer upon layer, differently
from subtractive manufacturing methods. These techniques
were previously known as rapid prototyping techniques,
thanks to the possibility of manufacturing objects avoiding
the employment of molds or other forming tools, thus
enabling to reduce considerably the designing time and costs
of the objects [1]. Furthermore, AM techniques in

combination with reverse engineering [2-4] allow the de-
velopment of customized devices.

The main application fields of these technologies are
related to development of mold inserts, biomedical devices
(i.e., prostheses and scaffolds), machine components, and
other components for different engineering sectors. AM is
considered an evolution of rapid prototyping and has
benefited enormously from both materials and mechanical
engineering [5-7]. The manufacturing process can take place
in different ways, such as by sintering or by melting and
subsequent solidification of the material.

In the case of a stratification process based on powder
sintering, the consolidation is obtained using a laser beam
(Selective Laser Sintering and Selective Laser Melting) or an
electron beam (Electron Beam Melting).

The final properties of the fabricated device clearly de-
pend on the kind of process and on the parameter opti-
mization. If the consolidation process involves powder
fusion and solidification, the main critical aspects are
generally related to the development of residual stresses.

It is also frequently reported that in this case, the process
can be compared to a localized welding, which provides a
high level of energy in a small portion of material sur-
rounded by a “cold” mass. Over the past few years, in-
creasing attention has been paid to AM techniques as they
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are able to overcome the limits of the traditional
manufacturing methods.

However, with regard to the biomedical field, as reported
in the literature, many problems still remain, especially in
terms of biocompatibility of some materials and mechanical
properties of the obtained devices which would not seem to
be appropriate for load bearing applications in many cases
(i.e., bone substitutes and prostheses).

The posttreatments can be complex, also involving
thermal cycles which can modify the microcrystalline
structure. Despite the fact that the literature contains a great
number of articles which deal with problems related to the
production of components and functional devices for bio-
medical applications [8-10], information on the micro-
structural features, deriving from the production process
and posttreatments, is still lacking.

2. Structure of the Special Issue

The current Special Issue (SI) includes 11 articles concerning
the application of the AM in the biomedical field, stressing
the important role of this technology in the design and
development of advanced devices. Specifically, the following
topics have been discussed:

Overview of AM processes

Material and device characterization

Effect of process on microstructure and optimization
Software methods for the development of 3D models
Development of fixing systems for bone segments
Design of 3D porous structures with tailored properties
Manufacture of tools for research laboratories
Implementation of correction braces

Replicas of internal organs

Finally, the aim of the proposed SI was to invite con-
tributions from researchers working in the field, providing a
complete view of the current progresses.

3. The Proposed Articles

A synthesized description of the proposed papers is
reported.

The paper “Design of Additively Manufactured Struc-
tures for Biomedical Applications: A Review of the Additive
Manufacturing Processes Applied to the Biomedical Sector”
by F. Calignano et al., illustrates an overview of the state of
the art of the AM technology, used in the biomedical field,
for the production of various components, prostheses, or
replicas for doctors or surgeons training. A more detailed
research is presented in “The Role of 3D Printing for Medical
Applications: A State of Art” by A. Aimar et al., where both
benefits and drawbacks of different AM technologies, the
employed materials, and the type of application in the
biomedical sector are analysed. The possibility to design
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Ti6Al4V lattice structures with tailored architectural fea-
tures, pore size, and geometry, without significantly affecting
the mechanical performance of the device, is reported in the
paper entitled “A Further Analysis on Ti6Al4V Lattice
Structures Manufactured by Selective Laser Melting” by S.
Maietta et al.

The paper “Robocasting of Bioactive SiO,-P,05-CaO-
MgO-Na,0-K,0 Glass Scaffolds” by F. Baino et al. proposes
a study on the fabrication of bioactive silicate glass scaffolds
with a gridlike 3D structure, using a robocasting process.
Results from different kinds of analyses on the manufactured
scaffolds are reported.

In the paper “Digital Design of Medical Replicas via
Desktop Systems: Shape Evaluation of Colon Parts” by M.
Bici et al., some results on the application of desktop systems
for the prototyping of medical replicas involving complex
shapes are discussed, in order to improve the preoperative
planning or the surgery training.

In the paper “3D Printed Anatomy-Specific Fixture for
Consistent Glenoid Cavity Position in Shoulder Simulator”
by G. Venne et al, the study on a fixing system of bone
structures for biomechanical testing is proposed. The pro-
posed approach may be adapted for different anatomical
structures and allows the preservation of the bony anatomy
integrity, also providing a repeatable anatomical positioning
with respect to the testing system.

In the paper “Application of 3D Printing Technology for
Design and Manufacturing of a Mechanical Stretching
Bioreactor” by G. Putame et al., AM technology is employed
for the fabrication of customized components of a me-
chanical stretching bioreactor with potential application for
mechanobiology studies and cardiac tissue engineering.

The study proposed in the paper “Mallet Finger Lattice
Casts Using 3D Printing,” by H. Choi et al., presents a lattice
design of a device, which is first modelled and then printed
according to patient-specific needs, also preventing necrosis
or infection. Another important application is considered in
the work “Additive manufacturing applications to flexible
actuators for active orthoses and medical devices” by M. G.
Antonelli et al. In particular, the results of the research are
presented focusing on the application of AM for the fab-
rication of novel actuators (i.e., soft pneumatic actuators and
pneumatic muscles), active orthoses, and a variable-stiffness
grasper to be employed in natural orifice transluminal en-
doscopic surgery.

The paper “A new method for biostatistical miRNA pattern
recognition with topological properties of visibility graphs in
3D space” by M. Babi¢ et al, reports a new method for
producing 3D graphs. Specifically, an intelligent neural net-
work system for DNA pattern recognition is combined with
the topological properties of visibility networks of a 3D space.
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Mechanical and architectural features play an important role in designing biomedical devices. The use of materials (i.e., TI6Al4V)
with Young’s modulus higher than those of natural tissues generally cause stress shielding effects, bone atrophy, and implant
loosening. However, porous devices may be designed to reduce the implant stiffness and, consequently, to improve its stability by
promoting tissue ingrowth. If porosity increases, mass transport properties, which are crucial for cell behavior and tissue in-
growth, increase, whereas mechanical properties decrease. As reported in the literature, it is always possible to tailor mass
transport and mechanical properties of additively manufactured structures by varying the architectural features, as well as pore
shape and size. Even though many studies have already been made on different porous structures with controlled morphology, the
aim of current study was to provide only a further analysis on Ti6Al4V lattice structures manufactured by selective laser melting.
Experimental and theoretical analyses also demonstrated the possibility to vary the architectural features, pore size, and geometry,

without dramatically altering the mechanical performance of the structure.

1. Introduction

With regard to metal manufacturing, the relationship among
process parameters, microstructure, and mechanical prop-
erties is fundamental in different areas (i.e., sintering,
welding, casting, and plastic forming) and generally involves
innovative and traditional fabrication methods [1-3].

Structural and mechanical properties play a crucial role in
the design of biomedical devices with tailored performances
which should satisfy the desired requirements.

As an example, functional devices for tissue reconstruction
should resemble the structure and properties of the natural
tissue.

In this context, metals like titanium (Ti) and its alloys
have been widely employed. Titanium alloys are usually
considered to make orthopedic and dental implants, due
to their excellent biocompatibility, good corrosion re-
sistance, and high strength [4-6]. Total hip replacements,
interbody fusion devices for spinal applications, bone
screws and nails, and parts of artificial heart valves are
currently developed using titanium alloys [4, 7]. Stress
shielding effects as well as bone atrophy and implant
loosening are related to implants developed using a
material with Young’s modulus (i.e., Ti6Al4V, 114 GPa)
which is much higher than that of the cortical bone (i.e.,
10-30 GPa) [4, 8, 9].
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Today, there is a great need to increase and to optimize
implant life as a consequence of population ageing, diffusion
of extreme sports, costs of implant replacement, and revision
surgery [4].

Long-lasting implants may be clearly designed if ma-
terials with mechanical properties close to those of human
tissues are employed [4].

An interesting strategy to reduce the implant stiffness
would be the design of 3D porous devices with controlled
geometry and architecture. A further advantage in designing
porous implants is the possibility of tissue ingrowth, which
should stabilize the implant [4, 9].

Several studies on bone reconstruction have already
reported a correlation between newly formed tissue and pore
size, as porous devices may offer surface and space favoring
cell adhesion and bone ingrowth [4, 10]. Furthermore, pore
interconnection is another important feature allowing for
cell migration and in vivo blood vessel formation [4, 10, 11].

In general, many technologies have been considered to
fabricate porous metal devices (i.e., direct laser metal sin-
tering, selective laser melting, chemical vapor deposition,
and space holder method) [4, 12-14] and also employed for
titanium [4, 9, 15, 16].

On the contrary, it is well known how traditional
techniques such as metal injection molding present some
advantages resulting in a fast fabrication of high amount of
complex parts with decreased production costs and in the
possibility to modulate the properties through a suitable
selection of powder size and/or sintering temperature [4].
Metal injection molding was successfully used to fabricate
porous Ti6Al4V devices and mechanical, morphological,
and biological properties were also evaluated [4].

Over the past years, the relationship between design and
manufacturing has been explored in several fields. Differ-
ently from conventional fabrication methods, additive
manufacturing technologies allow the direct production of
customized and lightweight structures with improved
properties [17-19].

The applicability of porous structures and lattices has
been widely reported especially focusing on the development
of orthopedic implants and 3D scaffolds for tissue engi-
neering. As for the tissue regeneration approach, lattice
structures should be biocompatible, biodegradable, and
bioresorbable. They should be suitably optimized for cell
attachment and growth, ensuring adequate mass transport
and mechanical properties [18, 19].

In designing 3D lattice structures, a “unit cell” may be
selected and a volume based on it may be built up, even if
different methods are generally used to design the 3D pe-
riodic structures, also involving topology optimization and
issues related to the implementation of the homogenization
theory [19].

Ti6Al4V lattice components were already fabricated by
selective laser melting and then analyzed in terms of surface
roughness, microhardness, compressive properties, and
dimensional accuracy [17]. In particular, microlattice
structures were designed using the pillar textile unit cell as
base and further lattice topologies which included rein-
forcing vertical bars were also considered [17].

Journal of Healthcare Engineering

Furthermore, a wide range of porosity (i.e., 60-95%) and
unit cells with different sizes have been proposed for de-
veloping different kinds of Ti6Al4V components [17, 20], as
well as implants (i.e., macropores in the range of 400-
1000 ym) which exhibited excellent osteointegration per-
formance in vivo [21].

The aim of the current study was to provide a further
theoretical-experimental analysis on Ti6Al4V lattice struc-
tures fabricated by SLM.

2. Materials and Methods

2.1. Design and Fabrication of 3D Lattice Structures. A
computer-aided design- (CAD-) based approach was used to
develop two kinds of morphologically controlled structures
(Figure 1). Different cell units were designed, thus varying
the pore size and using a strut diameter of 1 mm. Solid-
Works® 2017 (Dassault Systemes, Paris, France) CAD
system was used to carry the operations.

Two different kinds of additively manufactured struc-
tures were fabricated using an M2 Cusing SLM machine
(Concept Laser, Lichtenfels, Germany) and Ti6Al4V powder
(particle size: 45-105 ym):

Model A. Lattice structure (25 mm X 25 mm X 25 mm) with
5mm x 5mm X 5mm cell units.

Model B. Lattice structure (30 mm x 24 mm x 30 mm) with
5mm X 8 mm x 5 mm cell units.

Lattice structures were fabricated with a laser beam of
170 W power, and scanning speed was set to 1250 mm/s
(17, 22].

Further processing parameters were the spot size
(100 ym) and the oxygen content (<0.1%).

Additional heat treatment was performed at 650°C for
2h in argon atmosphere, in order to avoid oxidation and to
reduce internal stresses related to the high thermal gradients
experienced during the fabrication process. Successively, the
structures were subjected to sand blasting for partially re-
moving molten particles [17].

2.2. Experimental and Theoretical Analyses. A stereomicro-
scope (Olympus SZX) and an image software were used to
analyze the developed structures.

Experimental compression tests were carried out at a
rate of 1 mm/min up to a load of 800 N, using an INSTRON
5566 testing system. Load-displacement curves were
reported.

On the contrary, the IGES format was employed and the
geometric models of the two morphologically controlled
structures were imported into HyperMesh® (Hyper-
Works®—14.0, Altair Engineering Inc., Troy, Michigan,
USA), which is a typical finite element (FE) preprocessor
used for the management and the generation of complex
models, starting with the import of CAD geometry to
exporting ready-to-run solver file.

FE analysis was performed on the developed models
in order to simulate the experimental tests. Young’s
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FiGUre 1: CAD models of lattice structures. (a) Model A. (b) Model B.

modulus and Poisson’s ratio for Ti6Al4V are reported in
Table 1.

The mesh was generated, and 3D solid CTETRA el-
ements with four grid points were employed. Appropriate
mesh size and refinement techniques were also used.
Table 2 reports some technical features (i.e., total number
of grids-structural, elements excluding contact, node-to-
node surface contact elements, and degrees of freedom)
for models A and B.

In addition, “freeze” type was used as contact conditions
between the model and the compression plates. Constraints
were applied for nodal displacements in all the directions.
The external surface of the lower plate was constrained,
whereas a compression load of 800 N acted on the external
surface of the upper plate.

Linear static analyses were performed taking into account
a nonfailure condition. Displacements, maximum principal
stress, and von Mises stress distributions were evaluated.

3. Results and Discussion

In the biomedical field, it has been reported that the great
mismatch between the stiffness of metal devices and sur-
rounding tissues causes stress concentration and stress
shielding effects, thus frequently leading to the implant
loosening [4]. Anyway, it is also worth underlining that the
implant stiffness, which determines stress distributions,
depends not only on Young’s modulus (an intrinsic me-
chanical property of the material) but also on the shape and
size [4, 24, 25].

The properties of a device may be varied focusing on the
material-shape combination and, hence, an appropriate
combination of CAD-based approach and material selec-
tion. However, the important role of CAD and experimental
and theoretical analyses has been frequently discussed for
different kinds of biomedical applications [24-28].

TaBLE 1: Young’s modulus and Poisson’s ratio employed for
Ti6Al4V [4, 23].

Young’s modulus (GPa) Poisson’s ratio
114 0.33

To overcome the drawbacks (i.e., stress shielding effects,
bone atrophy, and implant loosening) related to the use of
materials (i.e., TI6Al4V) with Young’s modulus higher than
those of natural tissues, the design of porous devices may be
considered for the reduction of the implant stiffness and,
consequently, for the improvement of its stability by pro-
moting tissue ingrowth [4].

Porosity and architecture may be taken into account to
tailor mechanical and functional features of biomedical device.
As an example, in the case of devices for tissue reconstruction
and regeneration, if porosity increases, mass transport prop-
erties, which are crucial for cell behavior and tissue ingrowth,
increase, whereas mechanical properties decrease [18].

Porous devices fabricated by additive manufacturing have
the potential to be the next step in the development of up-to-
date biomedical implants for several applications (i.e., bone
reconstruction, dental implants, and interbody fusion devices).

Many attempts have been made to define architectural
features, pore shape, and size, according to the mechanical
and mass transport properties required for a specific ap-
plication, also involving topology optimization, imple-
mentation of the homogenization theory, and well-defined
algorithms and procedures. In the literature, many works
report the potential to tailor mass transport and mechanical
properties of additively manufactured structures by varying
geometry, architectural features, as well as pore shape and
size [18, 19].

The future looks bright for the additive manufacturing as it
offers the possibility to design advanced and patient-specific
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TaBLE 2: Total number of grids (structural), elements excluding contact, node-to-node surface contact elements, and degrees of freedom.

Total number of grids Total number of elements

Total number of node-to-surface ~ Total number of degrees of

Model (structural) excluding contact contact elements freedom
A 445,484 1,903,264 1,346 1,328,773
B 581,235 2,171,639 2,952 1,726,830

FIGURE 2: Results from morphological analysis performed on models B (a, ¢) and A (b, d) of Ti6Al4V lattice structures, using a ste-

reomicroscope (Olympus SZX) and an image software.

implants in modern surgery. Accordingly, an individualized 3D
printed Ti6Al4V cage for spinal cervical fusion was also
proposed and developed integrating different approaches such
as virtual reality simulation, CAD planning, and additive
manufacturing [29]. In this case, a porous macro- and
microcellular trabecular architecture was designed to improve
osseointegration, and the porous cage was manufactured using
SLM. Preliminary surgical implantations evidenced interesting
results especially in terms of primary stability [29].

Furthermore, researchers already focused the attention
on the design of Ti6Al4V implants by varying porosity in a
wide range (i.e., up to 95%) and unit cells with different sizes
(i.e., pores in the range of 400-1000 ym), which provided
excellent osteointegration performance in vivo [21].

In this context, the present study would represent only a
further step towards the analysis of Ti6Al4V lattice

structures designed using different architectural features
and cell units, trying to improve the knowledge of the
structure-property relationship through experimental and
theoretical analyses.

Morphological analysis on the manufactured models
allowed to study the structural features and the internal
architecture of the devices and to confirm the consistency
between theoretical values defined by the CAD-based ap-
proach and the experimental ones for the strut diameter and
the cell unit sizes (Figure 2).

Results from experimental compression tests provided
load-displacement curves which were linear up to a load
level of 800N (Figures 3 and 4).

In terms of mean value + standard deviation, displace-
ments of 0.023 +0.002 mm and 0.021 + 0.002 mm were ex-
perimentally observed for models A and B, respectively.
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FIGURE 3: Results from experimental compression tests. Typical load-displacement curve obtained for model A of Ti6Al4V lattice.
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FIGURE 4: Results from experimental compression tests. Typical load-displacement curve obtained for model B of Ti6Al4V lattice.

On the contrary, FE analysis, which was carried out to
simulate the experimental tests, allowed to obtain dis-
placements, maximum principal stress, and von Mises stress
distributions.

Specifically, Figure 5 reports the displacement contour
plot for models A and B of Ti6Al4V lattice structures.

As expected on the basis of the results from the ex-
perimental tests, models A and B of Ti6Al4V lattice struc-
tures provided a maximum displacement value of about
0.024mm and 0.020 mm, respectively. Thus, the results
obtained from theoretical analyses were in agreement with
the experimental ones.

The maximum principal stress and von Mises stress
distributions were also evaluated and reported in
Figures 6-9.

The linear load-displacement (and, hence, stress-strain)
curves together with the maximum principal stress and von
Mises stress distributions showed that plastic deformation
was not present also at local levels.

Figures 6-9 evidence some differences in terms of stress
distribution between the two proposed models according to
the obtained values for the displacement (Figure 5), as a
direct consequence of geometry, architectural features, and
unit cell.

Even though in terms of stress distributions, some
differences were found (Figures 6-9), as a greater number of
regions with high local stress gradients were observed for
model A in comparison to model B, and similar values of
maximum stress were achieved for both models (i.e., von
Mises stress of about 94-100 MPa) (Figures 6-10). In
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FIGURE 5: Results from FE analysis: displacement (mm) contour plot for model A (a) and model B (b) of Ti6Al4V lattice structures.
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FIGURE 6: Results from FE analysis: maximum principal stress (MPa) distribution for model A (a) and model B (b) of Ti6Al4V lattice

structures.

particular, although Figures 6-9 would evidence higher
values of stress for model A in comparison to model B,
Figure 10 reports an example of further section views for
model B which better shows small local areas where the
stress reached values similar to those found for model A.
Thus, under the same loading condition, differences in
geometrical and architectural features led to different stress
distributions, however providing similar values of maximum
stress, even if in model B they were achieved in smaller local
areas.

Taking into account a methodology already reported for 3D
porous structures with controlled architectural features [18],

the “apparent” stress (0) and strain (¢) can be also evaluated
(0 =F/Ay, ¢=AH/H,), when the values of the force (F) mea-
sured by the load cell, the apparent initial cross-sectional area
(Ay), the initial height (H,), and the height variation (AH) of
the structure are known.

Accordingly, starting from the above-reported consid-
erations together with the obtained results, a compressive
modulus of 1.4+0.1GPa and 1.1+0.1GPa can be de-
termined for model A and model B, respectively.

However, it is worth noting that, even though in the case
of porous structures, the compressive modulus does not
represent the elastic modulus, which is an intrinsic property
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FIGURE 8: Results from FE analysis: von Mises stress (MPa) distribution for model A (a) and model B (b) of Ti6Al4V lattice structures.

of the material, and it clearly provides information on the
stiffness of the designed structures.

Generally, structures for biomedical applications consist
of materials like titanium and its alloys or other metals
showing plastic deformation and yielding before fracture.

Devices must be designed so that they are loaded within
the elastic limit and, clearly, do not yield.

Furthermore, it is well known how the heat treatment
affects the behavior of the structures [17, 22].

For this reason, a static linear analysis was first per-
formed using a nonfailure condition, and the present work
would be a further study towards a future research with the

aim of developing a complex model to describe the me-
chanical behavior and failure mechanisms of lattice struc-
tures manufactured by SLM, starting from the structure-
property relationship.

For this reason, some potential limitations of the
present research were as follows: (i) the linear static
analysis carried out considering a nonfailure condition
and the consequent lack of information on the strength
and ductility of the manufactured structures, both at the
theoretical and experimental levels and (ii) no evalua-
tions of the effect of different heat treatments on the
mechanical behavior.
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4. Conclusions

Despite the limitations of the current analysis, the following
conclusions were drawn:

(i) Structural features and internal architecture were
visualized, and the consistency between theoretical
values defined by the CAD-based approach and the
experimental ones for the strut diameter and the cell
unit sizes was verified.

(ii) The theoretical analyses performed on the two
models were able to predict the experimental
values for the displacement (0.023 + 0.002 mm and
0.021 £0.002mm) obtained from compression

tests, also confirming the important role of CAD-
FE modelling in the study of devices which could
be predesigned to match the mechanical proper-
ties of natural tissues.

(iii) The possibility to tailor the architectural features, pore
shape and size, and, eventually, mass transport prop-
erties, without dramatically altering the mechanical
performance of the porous device, was confirmed.

Data Availability

All data generated or analyzed during this study are included
in this article.
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Currently, research based on the technology and applications of 3D printing is being actively pursued. 3D printing technology,
also called additive manufacturing, is widely and increasingly used in the medical field. This study produced custom casts for the
treatment of mallet finger using plaster of Paris, which was traditionally used in clinical practice, and 3D printing technology, and
evaluated their advantages and disadvantages for patients by conducting a wearability assessment. Mallet finger casts produced
using plaster of Paris, when incorrectly made, can result in skin necrosis and other problems for patients. These problems can be
mitigated, however, by creating casts using 3D printing technology. Additionally, plaster casts or ready-made alternatives can be
inconvenient with respect to rapid treatment of patients. In contrast, 3D-printed casts appear to provide patients with appropriate
treatment and increase their satisfaction because they are small in size, custom-made for each patient, and can be quickly made

and immediately applied in clinical practice.

1. Introduction

Mallet finger refers to a deformity in which the finger
cannot be extended due to severing of the extensor tendon
at the distal phalanx or fracture of the bone to which it
attaches. Mallet finger can be classified as tendinous, in
which only the tendon is ruptured, or bony, in which it is
accompanied by a broken phalanx. Surgical intervention is
required in the case of bony mallet finger. However, ten-
dinous mallet finger is treated conservatively, primarily by
using a splint to extend the finger so that the tendon
reattaches naturally. Traditional conservative treatments
include fixation of plaster of Paris or metal casts, whereas
surgical interventions include bone fragment fixation using
steel wire, fixation with lag screws, tension band wire
fixation, fixation using figure-eight tension band wire,
intramedullary wire fixation, and dorsal suture.
Three-dimensional (3D) printing technology is widely
used in industry, biology, and medicine [1]. Major appli-
cations of the technology include prosthetic fingers made

using 3D scanners and printers [2], wrist protection devices
[3], and synthetic bone implants made of calcium phos-
phate scaffolding using low-temperature 3D printing
technology [4]. Custom-made orthopaedic wrist casts can
be created using techniques such as fused deposition
modelling with rapid prototyping (FDM-RP) and 3D
printing [5-8]. 3D printing technology offers significant
advantages in biomedical instrumentation and tissue en-
gineering because of its ability to produce small quantities
or single parts when needed based on patient-specific re-
quirements [9] owing to its ability to produce recognizable
3D objects applied to surgery planning, orthoses, and re-
lated application programs [10], as well as the capability to
produce single or small quantities of parts according to
patient-specific needs.

Medical applications of 3D printing are rapidly expanding,
and revolutions in medical services are expected [11]. The
present study attempts to use a 3D printer to produce lattice
casts that provide good ventilation, hygienic treatment, and
clear X-ray images for treatment of mallet finger.
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2. Materials and Methods

2.1. Subjects. Subjects of the study were selected randomly.
Casts were designed for subjects” index fingers using either
the traditional plaster of Paris method or MediACE 3D
software (based on 3D scanning to measure the finger’s
dimensions).

2.2. Production of Plaster of Paris Casts. Plaster of Paris casts,
which are traditionally used in clinical practice to treat mallet
finger, were created as shown in Figure 1(a). Figure 1(b)
shows a removed plaster of Paris cast.

2.3. Production of 3D-Printed Casts. First, the index finger
was scanned repeatedly while maintaining posture of the
extensor tendon (Figure 2) using a 3D scanner (3D Systems
Sense scanner) to generate a stereolithography (STL) file of
the finger. STL files, the end result of the 3D modelling
process, are typically generated by computer-aided design
(CAD) programs, which use this file type to store in-
formation about 3D models. The STL file shows the surface
shape of a 3D object without representation of colour,
texture, or other general characteristics of the model. Ac-
cordingly, STL files are widely used for rapid prototyping,
3D printing, and computer-aided manufacturing.

A 3D model of the mallet finger cast was then created
based on the STL file (Figure 3) using the MediACE 3D
software (Figure 4), and the final lattice design of the 3D-
printed cast was completed (Figure 5).

The MediACE 3D software is expected to create bene-
ficial business value in the medical industry and to con-
tribute to implementation, distribution, and diffusion of
customised medical services using 3D printing, the foun-
dation of the 4th Industrial Revolution. It has been verified
through clinical application and evaluation.

A mallet finger cast for 3D printing was designed using
the mallet finger STL file and MediACE 3D and then
converted into G-code. The cast, shown in Figure 6(a), was
produced using polylactide (PLA) resin on a 3D Edison
printer. For comparison, a plaster of Paris cast is shown in
Figure 6(b).

2.4. Comparative Evaluation of Products. Application of the
plaster of Paris and 3D-printed casts is shown in Figure 7. To
evaluate the performance of and patients’ satisfaction with each
type of cast, a satisfaction evaluation (Quebec User Evaluation
of Satisfaction; QUEST) [12] and a wearability evaluation
(Product Performance Program; PPP) were conducted. The
items of both measures were rated on a 5-point Likert scale
from 1 (negative end of scale) to 5 (positive end of scale).

3. Results and Discussion

3D-printed lattice casts for treatment of mallet finger were
produced based on STL files obtained through 3D scanning,
the MediACE 3D software, and 3D printing technology. The
advantages and disadvantages of the 3D-printed casts were
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FiGure 1: Plaster of Paris casts traditionally used to treat mallet
finger in clinical practice. (a) Procedure for creating cast. (b)
Removed plaster of Paris cast.

FIGURE 2: Finger maintaining posture of the extensor tendon.

FiGure 3: STL file of the mallet finger generated by the 3D systems
sense scanner.
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FIGURE 4: MediACE 3D masking model.

FIGURE 5: Final lattice design of 3D-printed mallet finger cast.

(a) (b)

FIGUre 6: Comparison of removed mallet finger casts. (a) 3D-printed lattice cast. (b) Plaster of Paris cast.

then compared with those of plaster of Paris casts tradi-
tionally used in clinical practice.

The 3D-printed lattice casts showed results similar to
those of the traditional plaster of Paris casts in the QUEST
evaluation (Table 1). However, overall, subjects indicated
that they were “very satisfied” or “satisfied” with the 3D-
printed casts’ dimensions, weight, adjustment, ease of use,
and comfort. Subjects were more satisfied with the weight
and ease of use of the 3D-printed casts than the plaster of

Paris casts (Table 1). Overall, the 3D-printed casts received a
rating of “very satisfied” in the PPP wearability assessment
(Table 2). In contrast, the plaster of Paris casts received many
negative or “not applicable” ratings because they must be
applied by medical staft.

The lattice design of the 3D-printed casts and their
customised application can prevent necrosis or infection,
offer a thickness and elasticity that guards against slipping
off, and resolve other shortcomings of traditional plaster
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FIGURE 7: Application of mallet finger casts. (a) Plaster of Paris cast. (b) 3D-printed lattice cast.
TaBLE 1: User satisfaction evaluation of 3D-printed and plaster of Paris casts for mallet finger (QUEST).
It 3D-printed lattice casts Plaster of Paris casts
em

Score Details Score Details
1. Dimensions 5 3 Determined by practitioner
2. Weight 5 3 Heavy
3. Adjustment 5 3 Difficult to adjust once hardened
4. Safety 5 3 Skin necrosis possible
5. Durability 5 3 Contamination possible
6. Ease of use 5 5 Must be applied by practitioner
7. Comfort 4 3 Determined by practitioner
8. Effectiveness 4 4 Determined by practitioner
Total score 4.75 3.5

Note. The three most important items, in descending order, were dimensions, weight, and safety.

TABLE 2: Wearability evaluation of 3D-printed and plaster of Paris casts for mallet finger (PPP).

Questionnaire items

3D-printed Plaster of Paris

No. Item

1 I like to use it 5 4
2 It can be used without complicated action or operation 5 0
3 It can be used anywhere and anytime 5 0
4 The procedure for wearing it is simple and uncomplicated 5 0
5 I can understand the principle of the cast 5 5
6 There is no danger or risk of malfunction 5 0
7 Wearing it incorrectly will not cause damage 3 0
8 It is comfortable to wear 5 0
9 Little effort is required to wear it 5 0
10 There are no requirements when using it 5 0
11 It is easy to use the fingers while wearing it 5 5
12 It is an adequate size and shape to protect the fingers 5 3
13 The size and shape are suitable for carrying or keeping it 5 0
14 The colour and shape are good 4 2
15 It is easy to clean and care for 5 2
16 It does not cause skin problems 5 3
17 The cast strength is good 5 5
Total score 4.82 1.70

Note. Scoring: 5 =strongly agree; 4 = agree; 3 = neither agree nor disagree; 2 = disagree; 1 =strongly disagree; 0 = not applicable.

of Paris casts, including oedema, discoloration, hin- 4., Conclusions

derance of function and circulation, pain, pulselessness,

dysesthesia, and burning from pressure. In future, 3D-
printed lattice casts should be used instead of plaster casts
to treat mallet finger, based on their many benefits, such as
providing patients with the most appropriate, customised
treatment.

This study produced 3D-printed lattice casts for treatment of
tendinous mallet finger based on STL models of the index
fingers of randomly selected subjects, obtained using a 3D
Systems Sense scanner. The casts were constructed from PLA
resin using a 3D Edison Printer.
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The advantages of traditional plaster of Paris casts are the
difficulty of taking it off by patients once it is worn and short
application time. Disadvantages include possible pain, skin
oedema, discoloration, burning, infection, and necrosis; the
complications of splint treatments are mainly skin-related.

Complications occurring in 123 cases of mallet finger
treated both surgically and nonsurgically were reviewed.
The 84 cases of splint treatment had a complication ratio of
45%; these complications were almost always temporary.
Among the 45 cases of surgical treatment, 53% experienced
complications and 76% of complications developed during
the average monitoring period of 38 months. Six cases that
involved surgical treatment after splinting (for a minimum
of six weeks) were counted in both groups. Major com-
plications experienced by surgically treated patients were
deep infection (4%), total joint incongruity (18%), and nail
deformity (18%). Seven patients (16%) required reopera-
tion, and all had unsatisfactory results [13] except for one
whose result was unknown.

The 3D-printed lattice cases were compared with plaster
of Paris casts in treatment of patients with mallet finger. The
results of PPP evaluation indicated that 3D-printed lattice
casts allow for accurate, rapid production of customised
orthoses, improving upon existing production methods. The
3D-printed casts can additionally resolve problems associated
with plaster of Paris casts, namely, hyperextension and skin
problems, because production is customised to the patient
using 3D scanning. The size is very appropriate for 3D printer
output, and it uses less material than a plaster of Paris cast and
requires little output time. The ability of 3D-printed casts to
overcome the disadvantages of traditional plaster of Paris
casts makes them beneficial for clinical application.

Development of 3D-printed lattice casts is meaningful
because they have the potential to help many patients if
produced in clinical practice using 3D printers. Improve-
ments in body scanning technology and product design
software are expected to bring benefits to clinical practice.
Future research should investigate the production of or-
thoses with various structures using the processes developed
in this study. The investigators hope that the present study
may serve as a reference for research on the production
methods of finger orthoses based on various diseases and
their treatment in clinical practice, such as the various types
of 3D-printed finger casts in Figure S1.
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Visibility is a very important topic in computer graphics and especially in calculations of global illumination. Visibility de-
termination, the process of deciding which surface can be seen from a certain point, has also problematic applications in
biomedical engineering. The problem of visibility computation with mathematical tools can be presented as a visibility network.
Instead of utilizing a 2D visibility network or graphs whose construction is well known, in this paper, a new method for the
construction of 3D visibility graphs will be proposed. Drawing graphs as nodes connected by links in a 3D space is visually
compelling but computationally difficult. Thus, the construction of 3D visibility graphs is highly complex and requires pro-
fessional computers or supercomputers. A new method for optimizing the algorithm visibility network in a 3D space and a new
method for quantifying the complexity of a network in DNA pattern recognition in biomedical engineering have been developed.
Statistical methods have been used to calculate the topological properties of a visibility graph in pattern recognition. A new n-
hyper hybrid method is also used for combining an intelligent neural network system for DNA pattern recognition with the
topological properties of visibility networks of a 3D space and for evaluating its prospective use in the prediction of cancer.

1. Introduction

Manufacturing the visibility network (graph) [1] is a fun-
damental geometric structure which has useful applications
in several fields including illumination and rendering,
motion planning, pattern recognition, and sensor networks.
A graph G is called a visibility graph when there is a polygon
P such that the vertices of P are the vertices of G and two
vertices are adjacent in G if they are visible in P. A visibility
graph can be used in spatial analysis of urban and building
spaces and applied to landscapes, as well. It is formed by
taking a set of points across the space and forming graph
edges between those points, if they are mutually visible.
Visibility graphs have been widely used for 2D applications
so far, but in this paper, an application to complex 3D
visibility problems is advanced.

Visibility calculations are central to any computer
graphics application. The relevance of statistics [2] has been
much more recognized in the biomedical engineering field.
Statistics can provide technicians of laboratories with im-
portant instruments for a scientific analysis of biomedical
phenomena, allowing to understand the observed phe-
nomena more correctly and to obtain more reliable results.

Biomedical engineering [3] being one of the fastest
growing engineering disciplines aims at applying engi-
neering expertise and advances to the field of medical needs
and bioscience for the enhancement of healthcare.

Deoxyribonucleic acid (DNA) pattern recognition
constitutes one of the most important works in biomedical
engineering. Pattern recognition [4] is a branch of machine
learning that focuses on the recognition of patterns and
regularities in data, although it is in considered to be in some
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cases nearly synonymous with machine learning. In pattern
recognition, labels are assigned to objects and all objects are
described by features, also called attributes. A classic ex-
ample is the recognition of handwritten digits for the
purpose of automatic mail sorting. Pattern recognition
methods based on machine learning techniques [5] have
been shown to be a promising approach to the analysis of
network data. Intelligent computing has attracted many
scientists and researchers working on intelligent techniques
for solving complex real-world problems.

The graphical representations of the DNA as a method
for DNA pattern recognition have been introduced to fa-
cilitate comparison of DNA sequences and to observe dif-
ferences in their structure [6-10]. A novel method is thus
explored in this study to generate and characterize complex
networks by means of analysis of their miRNA sequences.

A new hybrid method [11] that combines three types of
intelligent neural network systems [12] has been used. This
paper explores the use of an intelligent system [13] with a
new hybrid method that improves the existing ones. It is
based on the n-hyper hybrid method. The aim of this work is
to outline possibilities for applying an n-hyper hybrid system
method for miRNA pattern recognition [14] with topological
properties of visibility graphs in a 3D space and to evaluate
its prospective use in biomedical engineering.

The proposed method can be utilized to approach more
systematically problems of visibility of miRNA sequences, in
the comparison of DNA sequences and in the analysis of
complex networks such as miRNA networks in the bio-
medical field. The method is based on an algorithm which is
built for optimizing the visibility in a 3D space and an n-
hyper hybrid system for miRNA cancer pattern recognition
which allows to register more precisely the risk of various
types of cancer.

In particular, the proposed method can be used to analyze
the transformation of 1D miRNA sequences into 3D miRNA
sequences for predicting cancer. More specifically, a new type
of intelligent system, the n-hyper hybrid system, has been
developed to describe miRNA sequences and the difference
between cancer and noncancer miRNA. Thanks to this
method, some more information on a complex network
derived from the visibility network in a 3D space, compared to
the visibility graph, can be obtained in the application of
miRNA pattern recognition. The utility of applying 3D visi-
bility graphs in biomedical engineering for a more precise
prediction of cancer will be thus discussed in this paper.

Finally, this new method permits to obtain a physical
visualization of the three-dimensional miRNA sequences.
Through additively manufactured (3D printing) techniques,
which are much used in the biomedical field for building and
analysis of implantable devices [15-18], it is possible indeed
to have a reconstruction of the 3D space network as a lattice
structure as well as a view of the relationships between
miRNA sequences.

This paper is organized as follows: Section 2 is devoted to
a description of the methods and the materials used. In
Section 3, the results and discussions are illustrated. Final
considerations and conclusions are drawn in Section 4.
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2. Materials and Methods

2.1. A New Method for Statistical miRNA Pattern Recognition.
DNA [19-23] is composed of an extremely long array of
nucleotides. MicroRNAs [23-27] constitute a recently dis-
covered class of noncoding RNAs playing some key roles in
the regulation of gene expression. In this article, we have
developed a new method to describe the transformation of
1D miRNA sequences into 3D miRNA sequences. This
means that we have transformed the miRNA sequences into
a 3D coordinate system.

For better presentation, four colours are used to denote the
nucleotides adenine (A), cytosine (C), guanine (G), and thy-
mine (T). We have replaced each nucleotide by different col-
ours, namely, A by white, C by light purple, G by gray, and T by
black. Initially, we have transformed each nucleotide of the
DNA sequences into a 2D array by using a spiral curve. Figure 1
presents the coloured miRNA sequences (miR-612 gene) and
transformation of each nucleotide of the miRNA sequences into
a 2D array by using a spiral curve. We have also denoted the
miRNA sequences by two coordinates (x, y).

Furthermore, we have denoted each nucleotide of the
miRNA sequences with a number. An example of an miRNA
sequence is ... TGCCAATCGTTGT .... This sequence of
letters can be converted with the function f. We have
denoted {A, C, G, T}eM and {1, 2, 3, 4}eN. Also, f:
M — N. We have denoted with nyu, nc, ng, and np the
number of all nucleotides A, C, G, and T'in some sequences.
We have determined linear arrangement {n, nc, ng, nr}
from the largest to the smallest value. For example, if
na>nc>ng>nr, then we have function f, f:A—4, f:
C—3,f:G—2,and f: T—1orf(A)=4,f(C)=3,(G) =
2, and f{T)=1. When using function f, we can write f{...
TGCCAATCGTTGT ...)=... 1233441231121 . ... Also, the
function f denotes the third coordinate of the miRNA nu-
cleotides in a 3D space, (x, ¥, z). In the third step, we have
used a new method for optimizing the algorithm visibility
graph in a 3D space (Figure 2).

For each visibility graph of the miRNA sequences, we have
calculated the statistical property chi-square of triads [28].

If v independent variables x; are each normally dis-
tributed with mean y; and variance o7, then the quantity
known as chi-square (y?) is denoted by

2
XZ Z(xi;.“i) ] (1)

I

2.2. A New Method for Optimizing the Algorithm Visibility
Graph in 3D Space. We have developed a new algorithm for
the construction of visibility graphs in a 3D space [29]. Two
arbitrary data values (x,, y,,) and (x;, y,) will have visibility
and will consequently become two connected nodes of the
associated graph if any other data (x, y.) placed between
them fulfil the following relation [30]:

(ya_yb)(xb_xt:). (2)
Xp—X

YVe<Vp+

a
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FiGure 2: Visibility graph of miRNA sequences (miR-612 gene).

We wanted to know how to connect the nodes in Fig-
ure 3. Nodes v; ; and vy of the 3D graph, wherei<kandj </,
are connected by a link if and only if they are visible.

This means that the path from v; ; to v;; has no points on
the graph. An example is presented in Figure 3, in which the
nodnes connected by the blue line are visible to each other
and those connected by the red line are an example of
unrelated nodes (the straight line that connects the two
nodes pierces the graph, which is contrary to the definition
of the visibility graph). The following section describes how
to construct a 3D visibility graph. The open problem of
visibility graphs in a 2D space has thus been presented
(Figure 4). Also, we have transformed all 3D points by
perpendicular projection on the xy plane.

As a first step, we have the 3D points which are
transformed into a 2D plane. A graphical solution ona 5 x5
grid is given because it provides a better visual represen-
tation. Figure 5 presents the nodes of the graph.

FIGURE 3: Visibility nodes (blue line) and unrelated nodes (red
line).

In the second step, we have connected neighbouring
nodes. Also, node T;;(x;, y;) is connected with nodes T(x;_;,
yj)a T(xis 1> }/j)> T(x;, )’j+1)> and T(x; )’j—l) if node Ti,j(xi’ }’j) is
not located on the edge of a complex network. If node T; ;(x;,
;) is on the edge of a complex network, then it is connected
with two or three nodes only, as presented in Figure 6.

In the third step, nodes T; ;(x;, ¥,), T(xis15 ¥))s T(Xis15 Yjs1)s
and T(x;, ¥j+1> Zij+1) present quadrilaterals, and it is possible
to see many quadrilaterals in Figure 7. In all quadrilaterals,
nodes from a higher z coordinate are connected with other
nodes by diagonal lines.

In the fourth step (Figure 8), we have broken the set of all
nodes (x;, y;, z;;) into two sets. The first set presents all nodes
(xi> 0, z;;), and the second set presents all nodes (0, y;, z; ).
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FIGURE 4: Solution of the 3D visibility graph presented as a 3D
graph in a 3D space and in a 2D space.
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FIGURE 5: 3D nodes which are transformed into a 2D plane.
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FIGURE 6: Neighbouring nodes.
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FiGure 7: Nodes connected with other nodes by diagonal lines.

We have presented those nodes that are visible in the first set
and those that are visible in the second set. In the first set,
two nodes T; ;(x;» ), z; ;) and Ty i(x yi> 2x,1) are visible and will
consequently become connected nodes on the associated

Journal of Healthcare Engineering

FIGURE 8: Fourth step of visibility graph creation.

graph if any other node T(x,,, 0, z,,,0) placed between them
tulfils the following relation:

(Zi,j _Zk,l) (xk _xm) (3)
(k= x;)

In the second set, two nodes T;(x;, y;, zi;) and Ty /(xk, i,

zy.;) are visible and will consequently become two connected

nodes on the associated graph if any other node Ty ,,(0, y,,
Zo.n) placed between them fulfils the following relation:

(Zi,j - Zk,l) (Vk=Ym) (4)
(=)

In the fifth step, we have connected all other visible

nodes. Two nodes T;;(x; yj zi;) and Ty (xx i 2x1) will be

visible if no nodes exist on the line between T; (x;, yj, z; ;) and

Ty(x1> y1 zxp). Figure 9 presents the solution of the 3D
visibility graph on a 5x5 grid.

Zm)o < Zk,l +

Zm)o < Zk,l +

2.3. Optimizing the Algorithm Visibility Network in 3D Space

(i) All 3D points transform into 2D points {(x, y,
2) — (x )}
(i) Node Tjj(x;, y;) is connected with nodes T(x;_;, y)),
T(xi15 ¥j)s T(xi, pj+1)> and T(x;, yj—y), if node T; j(x;,
;) is not located on the edge of a complex network
(iii) If node T;j(x; y;) is on the edge of a complex
network, then it is connected with two or three
nodes only

(iv) Nodes from a higher z coordinate of all nodes T; j(x;,
y])) T(xi+1> y])> T(xi+1) yj+1)) and T(xi’ yj+1) zi,j+1) in
quadrilaterals are connected with other nodes by
diagonal lines

(v) Two nodes T;(x; v, zij) and Ty (xi 1 i) are
connected, if any other node T(x,,, 0, z,,0) placed
between them fulfils z,,, ¢ < zx; + (2ij — 21, 1) (X — X,)/
(= x;)

(vi) Two nodes T;(x; ¥ zij) and Tii(xe ¥ 2x1) are
connected, if any other node T ,,(0, y,, zo,,) placed
between them fulfils z,, 0 < zi; + (2;; — 2i.) (Vi = Ym)/
k=)

(vii) Two nodes T;;(xi yj, zij) and Ty ¥ 2i1) are
connected, if no nodes exist on the line between
T;j(xi yj» zij) and Ty (X% Y1 211
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FIGURE 9: Solution of the 3D visibility graph on a 5x5 grid.

2.4. A New n-Hyper Hybrid Method. Hybrid evolutionary
computation is a generic, flexible, robust, and versatile
method for solving complex global optimization problems
and can also be used in practical applications. Only three
methods are adopted using intelligent systems, namely, the
neural networks NN1 (present prediction with 33%; also, we
use 67% of the data for the learning set and 33% for the test
set), NN2 (present prediction with 50%; also, we use 50% of
the data for the learning set and 50% for the test set), and
NN3 (present leave-one-out cross-validation method). We
have used a four-layer network with a learning rate of 0.7,
moment of learning of 0.6, tolerance of test set of 0.02, and
tolerance of learning set of 0.2. Hybrid 1 presents the se-
quence hybrid method. In this hybrid, methods are con-
nected in series in the direction of the entrance to the
method n. All methods work independently of the other
methods. The results of input method 1 are transferred to
input method 2, and the results of input method 2 are
transferred to input method 3. Hybrid 2 presents the cyclic
hybrid method. In Hybrid 2, methods are connected in series
in the direction of the entrance to the method »n. All methods
work independently of the other methods.

The results of input method 1 are transferred to input
method 2, the results of input method 2 are transferred to
input method 3, and the results of input method 3 are
transferred to input method 1. In Hybrid 3, all methods work
independently of the other methods. The results of input
method 1 are transferred to input method 2, the results of
input method 2 are transferred to input method 3, the results
of input method 3 are transferred to input method 2, and the
results of input method 2 are transferred to input method 1.
1-hyper hybrid methods are similar to hybrid methods. Also,
we have repeated the process up to n, where n e N. In the
end, we have n-hyper hybrid methods. Figure 10 presents all
the processes of building n-hyper hybrids.

3. Results and Discussion

The visibility graph problem itself has long been studied in
computational geometry and has been applied to a variety of
areas. We present a new method for describing the trans-
formation of 1D miRNA sequences into 3D miRNA se-
quences. We combine this method with a new method for
optimizing the algorithm visibility graph in a 3D space.

Based on the variation network, several topological prop-
erties, such as different types of triads, are calculated for
natural miRNA sequences. Also, the correlations between
types of triads over the variation network are obtained.

It is well known that there is an individual cancer
susceptibility despite equivalent environmental exposure,
likely due to polymorphisms in genes involved in carci-
nogenesis. Table 1 presents a list of miRNA gene poly-
morphisms associated with cancer. We use the miR-146a,
hsa-mir-149, hsa-mir-196a-2, hsa-mir-608, and hsa-miR-
612 genes from the miRNA base. MiR-146a is a family of
microRNA precursors found in mammals, including
humans. MiR-146a is primarily involved in the regulation of
inflammation and other processes that function in the innate
immune system. Loss of functional miR-146a (and mir-145)
could predispose an individual to suffer from chromosome
5q deletion syndrome. MiR-146 has also been reported to be
highly upregulated in the osteoarthritis cartilage and could
be involved in its pathogenesis. An increasing body of ev-
idence points to a possible role of microRNAs (miRNAs) in
hereditary cancer syndromes [31, 32].

Recently, variations of the miR-146a gene have drawn
increasing attention in cancer etiologies, and altered ex-
pression levels have been observed in inflammatory diseases
as well as in cancers [33, 34]. MicroRNA hsa-mir-149 is
located on chromosome 2. It is an intronic miRNA and is
located in sense orientation relative to its protein-coding
host gene glypican 1 (GPCI). Our integrated review of
miRNA-SNPs revealed that polymorphisms of hsa-mir-149
have previously been associated with increased or decreased
risk of seven cancer types: renal cell carcinoma and breast,
colorectal, gastric, hepatocellular, papillary, and thyroid
cancers. miR149 rs71428439 predisposes its carriers to
CCRCC, and miR149 rs71428439 may be a new biomarker
for predicting the risk of CCRCC [35]. miR-196 appears to
be a vertebrate-specific microRNA and has now been pre-
dicted or experimentally confirmed in a wide range of
vertebrate species (MIPF0000031). The hairpin precursors
are predicted based on base pairing and cross-species
conservation—their extents are not known. Many studies
demonstrated that the hsa-miR-196a2 rs11614913 SNP was
significantly associated with the susceptibility of breast
cancer [36-38]. MicroRNA hsa-mir-608 is located on
chromosome 10. It is an intronic miRNA, located in sense
orientation relative to its host gene semaphorin 4G
(SEMA4G) and in antisense orientation to the mitochondrial
ribosomal protein L43M (RPL43) gene. Several studies
[39-46] examined the impact of miR-608 rs4919510C>G on
the risk of various cancers, but the results were inconsistent.

Additionally, it has also been associated with increased
risk of breast, nasopharyngeal, and papillary thyroid car-
cinomas. MicroRNA hsa-mir-612 is located on chromosome
11. Tt is an exonic miRNA, located in sense orientation
relative to its host gene, nuclear paraspeckle assembly
transcript 1 (NEATI). Polymorphism with pre-miRNA re-
gions has been associated with B-cell acute lymphoblastic
leukemia [47-49].

Also, we have used a new method for optimizing the
algorithm visibility graph in a 3D space and a new method
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Figure 10: n-Hyper hybrid method.

TaBLE 1: List of miRNA gene polymorphisms associated with cancer.

miRNA name Mark rs number Nucleotide change Cancer type

hsa-mir-146a D1 2910164 A>G Increased risk for gastric cancer

hsa-mir-149 D2 71428439 ASG Increased risk for chr(?mc lymphocytic
leukemia

hsa-mir-196a-2 D3 11614913 C>T Breast cancer

hsa-mir-608 D4 4919510 C>G Increased risk for breast cancer

hsa-mir-612 D5 12803915 G>A B-cell acute lymphoblastic leukemia

for miRNA cancer pattern recognition. We have determined
the topological properties of the triad patterns, in miRNA
networks [50]. The analysis of triads and the prevalence of
different types of triads in populations has been a staple of
most network analyses. The input data of neural networks
are the topological properties, namely, the triads of miRNA
patterns and function f of sequences of miRNA. The output
data (Y) of the neural data decide whether the miRNA is

associated with cancer: if the miRNA is not associated with
cancer, then 1 is output, else 0 is output.

Table 2 presents the topological properties of the visi-
bility graphs in a 3D space of DNA patterns. D1-D5 present
the mark of DNA. C1-C5 present cancer D1-D5 DNA.
TP1-TP10 [51] present the types of topological properties of
triads: TP1 presents type 1-102, TP2 presents type 1-003,
TP3 presents type 2-012, TP4 presents type 6-021C, TP5
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TasLE 2: Topological properties of the graph of miRNA patterns.

TaBLE 3: Statistical properties of the graph of miRNA patterns.

N TP1 TP2 TP3 TP4  TP5 TP6 Y N X S1 S2 S3

D1 15359 126096 17484 489 505 522 0 D1 A 50 395 251228
C1 15372 126020 17446 486 509 525 1 C1 G 50 396 249883
D2 15511 126406 17240 497 514 469 0 D2 A 83 392 265112
C2 15611 126482 17082 490 509 470 1 C2 G 83 390 269117
D3 18875 167586 20947 424 530 522 0 D3 C 78 425 365987
C3 18886 167784 20753 421 524 525 1 C3 T 78 423 368945
D4 15601 125597 18093 402 488 480 0 D4 C 37 399 265911
C4 15603 125596 18085 401 487 481 1 C4 G 37 399 266532
D5 15611 126952 16657 454 493 469 0 D5 G 51 386 273025
C5 15639 126953 16655 453 492 473 1 C5 A 51 386 272976

presents type 7-111D, and TP6 presents type 8-111U. For
each constructed variation miRNA network, the related
topological properties are shown in Table 2. We can see that
triad TP1 type 1-102 increases for cancer miRNA (rows
C1-C5). In the third column, we can see that triad TP3 type
2-012 decreases for cancer miRNA (rows C1-C5). In the
fourth column, we can see that triad TP4 type 6-021C de-
creases for cancer miRNA (rows C1-C5). In the fifth column,
we can see that triad TP6 type 8-111U decreases for cancer
miRNA (rows C1-C5). Also, these three types of triads
present a significant correlation between miRNA and cancer
miRNA.

Table 3 presents the statistical properties of the graph of
miRNA patterns. X presents the modification of the nu-
cleotide position. S1 presents the place number of changed
nucleotides in miRNA. S2 presents the number of all edges in
the graph. S3 presents the chi-square of triads. In hsa-mir-
146a, nucleotide A changes into G on the 50th place, which is
described in column S1. The chi-square of the triads in-
creases on hsa-mir-149, hsa-mir-196a-2, and hsa-mir-608 in
another decrease.

Table 4 presents the experimental and predicted cancers
of miRNA patterns. Column C presents the decision of
cancer miRNA with different methods. In Table 4, rows
NN1, NN2, and NN3 present the data predicted with the
neural network, rows H1, H2, and H3 present the data
predicted with the hybrid system, 1-H1, 1-H2, and 1-H3
present the data predicted with the 1-hyper hybrid system, 2-
H1, 2-H2, and 2-H3 present the data predicted with the 2-
hyper hybrid system, and 10-H1, 10-H2, and 10-H3 present
the data predicted with the 10-hyper hybrid system.

The first row is equal to column Y in Table 2, which
determines whether the miRNA is cancer or noncancer
miRNA. Modeling with NN1 presents a 30% precision from
the set of measured data, modeling with NN2 presents a 60%
precision from the set of measured data, modeling with NN3
presents a 70% precision from the set of measured data,
modeling with H1 presents a 30% precision from the set of
measured data, modeling with H2 presents a 30% precision
from the set of measured data, modeling with H3 presents a
30% precision from the set of measured data, modeling with
1-HH1 presents a 30% precision from the set of measured
data, modeling with 1-HH2 presents a 50% precision from
the set of measured data, modeling with 1-HH3 presents a
60% precision from the set of measured data, modeling with
2-HHI1 presents a 30% precision from the set of measured

TaBLE 4: Experimental and predicted cancers of miRNA patterns.
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data, modeling with 2-HH2 presents a 50% precision from
the set of measured data, modeling with 2-HH3 presents a
70% precision from the set of measured data, modeling with
10-HHI presents a 50% precision from the set of measured
data, modeling with 10-HH2 presents a 70% precision from
the set of measured data, and modeling with 10-HH3
presents a 90% precision from the set of measured data.
Therefore, we can see that 10-HH3 presents the best
prediction.

4. Conclusions

In this paper, a novel concept entitled “optimizing the al-
gorithm visibility graph in a 3D space network” is in-
troduced to analyze the relationships between miRNA
sequences and the type of cancer miRNA. We have de-
veloped a new method for describing the transformation of
1D miRNA sequences into 3D miRNA sequences. Using the
topological properties of different types of triads, we have
determined miRNA sequences and the difference between
cancer and noncancer miRNA. From the results obtained, we
are able to conclude that the variation network is a complex
network and that it has some dynamic information for
turther researches. The visibility network in a 3D space,
which contains more information than the visibility graph,
has been used for the application of miRNA pattern



recognition in biomedical engineering. This new method
permits to obtain also a physical visualization of the tri-
dimensional miRNA sequences through additively manu-
factured techniques.

Finally, we have built a new type of intelligent system, the
n-hyper hybrid system, that can be used for cancer miRNA
prediction.
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Three-dimensional (3D) printing represents a key technology for rapid prototyping, allowing easy, rapid, and low-cost fabrication.
In this work, 3D printing was applied for the in-house production of customized components of a mechanical stretching
bioreactor with potential application for cardiac tissue engineering and mechanobiology studies. The culture chamber housing
and the motor housing were developed as functional permanent parts, aimed at fixing the culture chamber position and at
guaranteeing motor watertightness, respectively. Innovative sample holder prototypes were specifically designed and 3D-printed
for holding thin and soft biological samples during cyclic stretch culture. The manufactured components were tested in-house and
in a cell biology laboratory. Moreover, tensile tests and finite element analysis were performed to investigate the gripping
performance of the sample holder prototypes. All the components showed suitable performances in terms of design, ease of use,
and functionality. Based on 3D printing, the bioreactor optimization was completely performed in-house, from design to
fabrication, enabling customization freedom, strict design-to-prototype timing, and cost and time effective testing, finally

boosting the bioreactor development process.

1. Introduction

Tissue engineering aims to generate in vitro functional
biomimetic substitutes to repair or replace damaged bi-
ological tissues and organs [1]. The three main components
for in vitro tissue development are as follows: (1) cells, re-
sponsible for new tissue synthesis; (2) scaffolds, providing
physical and structural support and biochemical cues for
cells; and (3) biomimetic in vitro culture environment, for
replicating the in vivo milieu and signals [2]. Numerous
mechanobiology studies demonstrated that, in addition to
cells, biomaterials, and chemical signals, physical stimuli
play a fundamental role during the development of native
tissues and for the generation of tissue engineered sub-
stitutes [3-7]. In this perspective, bioreactors are innovative

and technological devices appositely engineered for pro-
viding in vivo-like culture conditions, by coping with lim-
itations of conventional two-dimensional, static, and manual
cell/tissue cultures. In particular, bioreactors are designed to
culture cells/tissues in a three-dimensional (3D) environ-
ment, under monitored and controlled conditions (e.g., pH,
0,, glucose, and lactate) and user-defined physical stimuli
(e.g., stretching, compression, electrical pulse, and fluid
shear stress). They can be used both as culture model sys-
tems, to investigate in vitro cell/tissue development and the
effects of chemicophysical stimuli on tissue maturation, or as
production systems, for finally directing stem cell fate and
engineered tissue formation in vitro [8-14]. Moreover, when
equipped with technological solutions for real-time closed-
loop monitoring and control of culture conditions,
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bioreactors could allow for automated culture processes,
leading to high quality, reproducible, and standardized cell/
tissue cultures as required by industrial and clinical
applications.

Since this is a relatively young and multifaceted research
field, bioreactors are often high-cost customized devices
designed and developed in-house, but usually prototypes
and/or permanent parts are outsource manufactured by
external companies. Indeed, they must satisfy strict design,
quality, and functionality requirements imposed by the
Good Laboratory Practices (GLP) adopted in cell biology/
tissue engineering laboratories [15]. In particular, in such
laboratories cell/tissue cultures are performed by using
sterile equipment, working under laminar flow hood for
sterility maintenance, and using incubators for temperature
(37°C), humidity (85-95%), and carbon dioxide (5%)
maintenance. Therefore, bioreactors should guarantee bio-
compatibility, sterilizability (preferentially by autoclave),
ease of assembling and use, watertightness, and reliability for
long-term culture processes in the incubator [16]. In this
scenario, three-dimensional (3D) printing, based on
computer-controlled layer-by-layer deposition of materials,
represents a key technology both for rapid prototyping of
components to be tested and for fabricating permanent
functional parts. Indeed, unlike conventional subtractive
machining processes (i.e., milling, turning, and drilling), 3D
printing allows easy, rapid, and low-cost manufacturing of
complex geometries by single-step processes. This entails
clear advantages for the definition of the final bioreactor
design and during the fabrication phase, in terms of design
customization and flexibility, in-house manufacturing, and
reduced times and costs for production and testing, leading
to an overall improvement of the bioreactor development
process. Recently, a small but growing number of groups are
adopting 3D printing for the development of customized
culture systems. Raveling and colleagues used fused de-
position modelling (FDM) to manufacture a low-cost, highly
customizable mechanical bioreactor for investigating soft
tissue mechanics [17]. Schneidereit et al. 3D-printed a
culture chamber with included electrodes for electrical
stimulation and parallel microscopic evaluation [18]. Smith
and colleagues developed a 3D-printed bioreactor platform
designed for 3D-bioprinted tissue construct culture, per-
fusion, observation, and analysis [19].

In this work, we applied FDM-oriented design and
manufacturing for the optimization of a recently developed
mechanical stretching bioreactor with potential application
for cardiac tissue engineering and mechanobiology studies,
designed to provide cyclic uniaxial stretch to biological
samples [20]. In particular, 3D printing was used to in-house
fabricate the bioreactor culture chamber housing and the
motor housing, functional parts designed to fix the culture
chamber position and to guarantee motor watertightness,
respectively. Moreover, innovative sample holder prototypes
were specifically designed and 3D-printed for holding thin
and soft biological samples and experimentally and com-
putationally tested in terms of ease of use and gripping
performance, before final production with biocompatible
and autoclavable materials. Assembling, usability and
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functionality tests confirmed the excellent performances of
all 3D-printed components, which strongly contributed to
the bioreactor development process.

2. Materials and Methods

2.1. Bioreactor Setup. The bioreactor, which has been
designed to be incubated and has been optimized with re-
spect to a previous version [20], is composed of three
modular subsystems: the culture unit, the motor unit and the
control unit (Figure 1). The culture unit is dedicated to house
the samples for sterile culture under mechanical stimulation.
The motor unit, which has been modified and reduced in
size, houses the motor, which is connected to the culture unit
via a shaft for providing uniaxial mechanical stimulation.
The control unit, whose development goes beyond the
purpose of this study, enables the setting of the mechanical
stimulation parameters and the motor control and must be
located outside the incubator. In this setup, four bioreactor
components (culture chamber housing, motor housing, and
two sample holders) were designed following specific re-
quirements and manufactured by FDM to be used either as
permanent functional parts (culture chamber housing and
motor housing) within the incubator or as working pro-
totypes (sample holders) to test functionality and ease of use
before to produce the final components in biocompatible
and autoclavable materials.

2.2. FDM-Oriented Design and Manufacturing

2.2.1. Design Requirements. The bioreactor design process
was guided by the need to satisfy specific design re-
quirements in terms of GLP-compliance, use, performance,
and FDM manufacturing (Table 1). In particular, the whole
bioreactor system should meet the GLP principles, which are
rules and criteria for a quality system of organisational and
working conditions in research laboratories to ensure
consistency, reliability, reproducibility, and quality of
nonclinical health studies [15]. Therefore, the bioreactor
should be easy to assemble, to use, and to clean with the
standard equipment (laminar hood, autoclave, incubator,
gloves, and tweezers) and procedures of a cell biology/tissue
engineering laboratory. With regard to dimensional re-
quirements, the bioreactor must be placed on an incubator
shelf (max 40 cm x 50 cm X 30 cm), and moreover, the new
FDM-printed components must couple with preexisting
parts (i.e., culture chamber, motor shaft, and connections).
Due to the high humidity levels within the incubator, wa-
tertightness is mandatory in case of electrical and electronic
parts for assuring reliable operation, especially for long-term
culture processes. Modularity requirement comes from the
need to guarantee accessibility and ease of use during
assembling/disassembling and cleaning procedures, and
together with customization, it allows providing adaptable,
interchangeable, and scalable solutions for different cell/
tissue applications to be used with the same bioreactor
system. In particular, in this case, a specific design re-
quirement for the gripping system came from the need to
hold and culture under cyclic stretch thin and soft
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FIGURE 1: Schematic drawing of the bioreactor setup with the three
modular subsystems: the culture unit, the motor unit, and the
control unit. The functional FDM-printed components are rep-
resented in yellow. Both the motor housing and the culture
chamber housing are bolted on a rigid planar base (represented in

grey).

TasLE 1: Design requirements.

Design requirements

Bioreactor system

Ease of assembling, use, and cleaning

Small footprint (max 40 cm x 50 cm x 30 cm to fit in an incubator)
Watertightness (85-95% humidity in an incubator)

Modularity and customization

Reliability of culture processes (weeks in an incubator)

Culture chamber components (in contact with the culture medium
and/or cells/tissues)

Cytocompatibility

Sterilizability (preferably by an autoclave)

Water/sterility tightness

Ease of assembly/disassembly under laminar flow hood

Ease of cleaning

FDM manufacturing

Supported and unsupported walls minimum thickness (0.66 mm)
Maximum overhang inclination (45°)

Minimum diameter of vertical holes (2 mm)

Backlash between connecting parts (0.1 mm)

substrates/tissues for cardiac tissue engineering and
mechanobiology studies. Finally, as regards the already
existing culture chamber, where the components are in
direct contact with the culture medium and/or with cells/
tissues, the specific design requirements listed in Table 1
were previously fulfilled [20].

In parallel, because of the need to produce in-house
customized components by a rapid, flexible, and low-cost
process, FDM technology was selected for manufacturing.
The FDM technology, developed by Stratasys Inc. (Eden
Prairie, Minnesota, United States), is based on a filament of
the thermoplastic material, and most commonly ABS [21],
heated over its melting point, extruded through a nozzle and
finally deposited to form structures composed of solidified

layers [22]. Specific manufacturing design requirements are
imposed by FDM technology, for which limitations exist in
terms of minimum manufacturable size and features, such as
holes and engraved details [23]. In detail, the thickness of
supported and unsupported walls should be at least
0.66 mm. As regards the overhang inclination, for print-
ability reasons, the maximum value is 45°; however, in this
work, inclined surfaces and consequent stair-stepping effect
were avoided for ease of cleaning needs. The minimum
diameter for vertical holes is 2 mm, and the backlash be-
tween connecting parts is set equal to 0.l mm. Lastly,
threaded holes were avoided due to possible wear and tear
caused by repeated assembling procedures.

2.2.2. Design and Manufacturing. Taking into account the
previously described design requirements, the culture
chamber housing, the motor housing, and the sample holder
prototypes were designed using the commercial computer-
aided design (CAD) software Solidworks 2017 (Dassault
Systemes, Vélizy-Villacoublay, France). In detail, the culture
chamber housing was designed to fix the position of the
removable culture chamber, to maintain a precise alignment
and a defined distance between the culture unit and the
motor unit and to fit the whole system within the incubator
shelf. The motor housing was designed to be a watertight box
protecting motor and electrical connections from incubator
humidity. The sample holder prototypes, to be mounted
within the culture chamber, were specifically designed to test
the functionality of an innovative gripping system aimed at
holding thin and soft biological samples [24, 25].

The FDM manufacturing was performed uploading the
design STL files on the printer software CatalystEX and using
the 3D printer Stratasys uPrint SE Plus (Stratasys, Eden
Prairie, Minnesota, United States). The ABS plus-P430 ther-
moplastic printing material (Stratasys, Eden Prairie, Minne-
sota, United States), durable enough to perform virtually the
same as production parts (as declared by the manufacturer,
physical properties listed in Table 2 [26]), was used in com-
bination with the SR30 soluble support material. All com-
ponents were printed setting the minimum layer thickness
(0.254 mm) to minimize surface roughness and to optimize
accuracy, imposing backlash (0.1 mm) to avoid interference
during the mounting procedure and setting the solid fill option
and the smart support strategy. For each component, the
printing direction was defined balancing the resolution on
circular features and the support material/time consumption,
leading to different printing durations (the printer can build
faster across the XY plane than it can along the Z axis) [27].
The support material was then removed manually, avoiding
the use of the detergent bath. Figure 2 shows the adopted
design-to-manufacturing workflow. Printed components were
then connected through nuts and bolts.

2.3. Testing. The 3D-printed components were tested in
terms of assembly, coupling, and functionality of the whole
bioreactor setup. Preliminary tests were performed in-
house. In particular, the coupling between the culture
chamber and the chamber housing was checked, and this



TaBLE 2: Physical properties of ABS plus-P430 [26].
Mechanical properties*

Yield stress (MPa) 31.0
Ultimate stress (MPa) 33.0
Elastic modulus (MPa) 2.2
Elongation at break (%) 6
Elongation at yield (%) 2
Thermal properties

Glass transition temperature (°C) 108

*Uniaxial tensile tests performed along the printing direction of the
specimens.

latter was screwed on the rigid planar base. The motor
housing was assembled and screwed on the rigid planar base.
The sample holder prototypes were assembled and mounted
within the culture chamber. The culture chamber mobile shaft
was connected to the motor unit. Finally, the control unit was
electrically connected to the motor unit, and an explanatory
cyclic mechanical stimulation (displacement=1mm and
frequency = 1 Hz) was run. In this phase, the following features
were checked: coupling with preexisting components, holes
alignment, culture unit, and motor unit alignment. Succes-
sively, trained laboratory operators tested the whole bioreactor
system in a cell biology laboratory. In detail, the bioreactor
culture chamber components were autoclaved, and the as-
sembling procedure of the whole system was performed under
laminar flow hood. To test the bioreactor functionality (in-
cluding sterility maintenance), the culture chamber was filled
with the culture medium, the assembled system was placed in
an incubator, and the mechanical stimulation was switched on
and run for 5days. During the stimulation process, possible
interferences between moving and fixed components were
checked. At the end of the test, the watertightness of the motor
unit, potential deformations of the 3D-printed components,
and possible contamination were assessed.

Finally, the gripping performance of the sample holder
prototypes was assessed performing both uniaxial tensile tests
and finite element analysis (FEA) and compared with the
performance of commercial titanium grips appositely
designed for soft tissue characterization (TA Instruments, Inc,
New Castle, DE, United States). For the experimental tests,
one sample holder prototype was mounted on the material
testing machine QTest10 (MTS Systems Corporation, Eden
Prairie, Minnesota, United States) together with a contra-
lateral commercial titanium grip. In order to assess the
suitability of the prototype to hold thin and soft biological
samples, two samples of human decellularized skin
(length = 10 mm, width = 5 mm, and thickness = 0.6 mm) [28]
were clamped between the sample holder and the titanium
grip and then uniaxially stretched imposing a straining rate of
3.2%s ! (gauge length=5mm) [29]. For comparison pur-
poses, two additional samples were tested imposing the same
conditions but using two titanium grips. Both loads and
displacements were recorded to monitor the curve trend [30]
because decreases in slope or sudden steps are indicators of
gripping failure and slipping.

In addition, to investigate the contact pressure distribu-
tions exerted by the sample holder or the titanium grip
configuration on the clamped samples, nonlinear FE analyses
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were performed using the software HyperMesh/HyperView
2017 (Altair Engineering, Troy, Michigan) and Abaqus 2017
(Dassault Systemes, Vélizy-Villacoublay, France). The sample
holder and the titanium grip were modelled as rigid bodies,
and only the surfaces in contact with the sample were dis-
cretized with the R3D4 elements. The sample was modelled as
a rectangular parallelepiped (width=5mm and thick-
ness = 0.6 mm), meshed with C3D8 elements, and considered
as a linear-elastic material. To compare contact pressure re-
sults, the same sample contact surface (width=5mm and
length =3.2 mm) was modelled for both configurations. A
frictionless contact between sample holder/grip surface and
the sample was imposed. A force of 1 N was applied to the
mobile part of the sample holder/grip, while the respective
fixed parts were totally constrained.

3. Results and Discussion

3.1. FDM-Oriented Design and Manufacturing. The culture
chamber housing is a L-shaped chassis (width=118 mm,
length = 147 mm and height =78 mm) composed of a planar
base to house the culture chamber, two lateral edges, and a
vertical wall designed to maintain the alignment and a
defined distance between the culture unit and the motor unit
(Figure 3). The coupling between the culture chamber and its
housing is performed by sliding the culture chamber into the
housing and fixing it through a screw (Figure 3).

The motor housing is a watertight box (length = 130 mm,
width=95mm, and height=65.5mm) designed for pro-
tecting the motor and electrical connections from incubator
humidity and consists of two main parts: a container and a
lid (Figure 4). To fix the lid on the container, four screw and
nut sets are adopted. To guarantee watertightness, (i) a
silicon gasket is placed between the container and the lid, (ii)
a waterproof socket (including a gasket) for the connection
with the control unit cable is screwed in a counterbore on the
container lateral wall, and (iii) a rubber bellow for the motor
through shaft fits on a protrusion of the container wall in
front of the culture unit.

Guided by the design requirement of gripping thin and
soft samples and inspired by commercial solutions for testing
thin wires, the innovative design of the sample holder pro-
totypes (maximum width=54mm, maximum height=
39.5mm) is based on a guided moving cylindrical rod that,
when pushed by a central screw connected to a planar guide,
slides along two lateral guides against a grip base (Figure 5(a)).
For gripping, the moving rod pushes the sample end against
the grip base causing the sample wrapping around the cy-
lindrical rod. To ensure a stable gripping of the sample, the
proper coupling between the moving rod and the grip base is
guaranteed by an appositely-sized hemicylindrical groove on
the grip base (Figures 5(a), and 5(c)). The sample holder
allows the gripping of samples with a maximum width of
20mm. A maximum open position of 6.2mm allows the
positioning of the sample by using tweezers (Figure 5(b)). To
fix the lateral guides on the grip base, dedicated cavities were
designed to accommodate threaded nuts (Figure 5(b)).

Figure 6 shows the assembled bioreactor system (with
the exception of the control unit), composed of the culture
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FIGURE 2: Design-to-manufacturing workflow.

FIGURE 3: 3D model of the culture chamber and its housing (in
yellow). The red arrow shows the sliding direction for the coupling.

FiGure 4: Exploded view of the 3D model of the motor unit. 1,
silicon gasket; 2, waterproof socket; 3, gasket; 4, rubber bellow; 5,
motor; 6, motor through shaft.

unit and the motor unit screwed on the rigid planar base
(length=342mm and width=128 mm). The culture
chamber is mounted on its housing and connected through a
shaft to the motor placed inside the motor housing. The
gripping system within the culture chamber consists of one

mobile sample holder, screwed on the motor through-shaft,
and a fixed sample holder screwed at the opposite culture
chamber wall (Figure 6(b)).

The FDM manufacturing process required different
durations depending on the printed component. For in-
stance, notwithstanding their similar volumes, the printing
process of the moving rod resulted more than four times
longer than the process for manufacturing the planar guide,
mainly due to the printing direction. Indeed, to guarantee
the highest resolution on the rod surface, this component
was printed with its long axis parallel to the Z printer axis. In
Table 3 are listed printing times, printing material volumes,
and support material volumes used for each component.

3.2. Testing. The in-house assembling of the 3D-printed
components and their coupling with preexisting bioreactor
parts did not show any issues. In detail, the position of the
holes allowed screwing easily both the culture chamber
housing and the motor housing on the rigid planar base.
Similarly, the motor housing lid was easily coupled to the
motor container. The culture chamber was slid into its
housing, and the correct alignment with the motor unit was
verified. The sample holder prototypes were assembled and
mounted within the culture chamber. For all components, a
suitable coupling with preexisting parts was confirmed.

Ease of use and performance of the whole bioreactor
system were tested in a cell culture laboratory by trained
laboratory operators. The assembling of the bioreactor
components under laminar flow hood was easy and fast
(Figure 7(a)). A performance test was carried out placing the
bioreactor in incubator and running the mechanical stim-
ulation for 5 days (Figure 7(b)). During working conditions,
the system did not show any malfunction, no interferences
between moving and fixed components were noticed, and
the watertightness of the motor housing was confirmed. At
the end of the test, neither deformations nor culture medium
contamination was observed.

To test the gripping performance of the novel sample
holder prototypes, uniaxial tensile tests of biological samples
were performed using the testing machine QTestl0 and
two different gripping configurations: (i) sample holder-
titanium grip (Figure 8(a)); (ii) titanium grip-titanium grip
(Figure 8(b)). In the first configuration, each sample was
easily positioned on the sample holder by using tweezers and
firmly clamped by acting on the central screw, with the
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FIGURE 5: 3D model of the sample holder prototype in open configuration. (a) Axonometric projection: 1, moving rod; 2, central screw; 3,
planar guide; 4, lateral guide; 5, grip base; 6, hemicylindrical groove. (b) Front view. (c) Section view.
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FIGURE 6: 3D model of the whole bioreactor system. (a) Axonometric projection of the bioreactor with the following parts: 1, rigid planar

base; 2, culture chamber; 3, culture chamber housing; 4, motor housing; 5, control unit cable. (b) Top view of the bioreactor 3D model
without the culture chamber lid: 1, mobile sample holder; 2, sample; 3, fixed sample holder.

TaBLE 3: Printing time, printing material volume, and support material volume for each 3D-printed component.

Component Part Printing time (h:min) Printing material volume (cm®)  Support material volume (cm®)
Motor housing Contginer 11:19 177.8 2.1
Lid 2:29 83.5 7.8
Culture chamber housing 9:00 133.9 27.6
Moving rod 1:43 1.6 2.4
Sample holder Grip base 1:50 7.5 2.8

Planar guide 0:23 1.8 0.6
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FIGURE 7: Assembled bioreactor: (a) top view of the bioreactor setup; (b) bioreactor within the incubator for the 5-day performance

test.
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FiGure 8: Gripping performance test of the sample holder prototype: setup of the testing machine QTest10 with the biological sample
clamped by (a) the sample holder-titanium grip configuration and (b) the titanium grip-titanium grip configuration; (c) load-displacement
curves obtained from the tensile tests performed with both configurations.

sample end wrapped around the moving rod. During the
tests, no sample slipping was observed, and at rupture, each
sample broke in the central cross section, confirming the
proper load distribution in the gripping area. Similar results
were obtained with the second configuration. Figure 8(c)
shows the four load-displacement curves, realigned at
0.5N load, obtained from the tensile tests performed
with both configurations. Besides the observable intra-
variability of mechanical behaviour typical of soft tissues,
each curve increases smoothly up to rupture, with no
sudden slope decrease, for both configurations. Tensile
tests confirmed that the sample holder prototype is
comparable to the commercial titanium grip in terms of
gripping performance, and it is suitable in terms of FDM-
based manufacturing.

In addition, FE analyses were performed to investigate
the distributions of the contact pressure on the sample
surface clamped by the sample holder or the titanium grip
configurations. The FE results show that the sample holder
configuration guarantees a more uniform contact pressure
distribution on the sample surface (Figures 9(a) and 9(c);
maximum contact pressure=0.097 MPa) compared to
the titanium grip, which causes a pressure concentration
along the grip external edge (Figures 9(b) and 9(d); maxi-
mum contact pressure=0.222 MPa). In case of thin and

soft samples, contact pressure concentrations should be
absolutely prevented since they could trigger sample break.
The FEA results provided further confirmation of the
suitability of the sample holder design.

With regard to possible limitations, components fabri-
cated by FDM technology can be characterized by aniso-
tropic behaviour, high surface roughness, poor geometry
accuracy, and the presence of internal defects [31]. However,
in this work, the manufactured components and the per-
formed tests were not affected by such limitations.

4. Conclusions

In this work, 3D printing was applied for in-house de-
signing and producing two functional parts and two
prototype components for a mechanical stretching bio-
reactor with potential application for cardiac tissue en-
gineering and mechanobiology studies. In detail, the 3D-
printed culture chamber housing and motor housing met
the design requirements of ease of use and functionality,
guaranteeing alignment between the culture unit and the
motor unit as well as the motor unit watertightness. The
innovative sample holder prototypes, designed specifically
for holding thin and soft biological samples, demon-
strated their excellent performance in terms of ease of
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FIGURE 9: FEA results on contact pressure distributions on the sample surface exerted by (a, c) sample holder configuration and (b, d)

titanium grip configuration.

use and gripping, thus confirming the suitability of the
design for future manufacturing in biocompatible and
autoclavable materials. This approach enabled to perform
in-house the entire bioreactor optimization process, from
design to fabrication, providing customization freedom,
strict design-to-prototype timing, and rapid and in-
expensive testing. In conclusion, 3D printing technology
allowed to manufacture low-cost, customized bioreactor
components, and to reduce the risk of failure at later
stages in new concept development, improving design and
manufacturing process efficiency. In the next future, the
increasing performances of printable materials in terms of
biocompatibility, autoclavability, and transparency will
turther boost the development of low-cost bioreactors and
customized culture devices. This will lead to more re-
producible, standardized, and efficient basic studies, with

great potential for the future routine production of tissue
engineering strategies for clinical application.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

G. P.and M. T. contributed equally to this work. G. P., M. T,
D. C, and D. M. conceived the design of the 3D-printed



Journal of Healthcare Engineering

components and their testing. G. P. and D. C. 3D-printed the
components. F. D. M. and C. C. prepared the biological
samples for the uniaxial tensile tests and tested the system in
a cell biology laboratory. M. T., G. P., and G. S. performed
the experimental testing. D. C. performed the finite element
analysis. M. T., G. P., and G. Pi. analyzed the data. D. M. and
D. C. reviewed the current state of the art. G. P., M. T., and
D. C. prepared the figures. D. M. conceived and coordinated
the study. G. P., M. T., and D. M. wrote the manuscript.

Acknowledgments

This work was partially supported by the Italian Ministry of
Education, University and Research (NOP for Research and
Competitiveness 2007-2013, IRMI (CTNO1_00177_888744)).

References

[1] A.S. Goldstein and G. Christ, “Functional tissue engineering
requires bioreactor strategies,” Tissue Engineering Part A,
vol. 15, no. 4, pp. 739-740, 2009.

[2] F. Lyons, S. Partap, and F. J. O’Brien, “Part 1: scaffolds and
surfaces,” Technology and Health Care, vol. 16, no. 4,
pp. 305-317, 2008.

[3] A. Goldstein, T. M. Juarez, C. D. Helmke, M. C. Gustin, and
A. G. Mikos, “Effect of convection on osteoblastic cell growth
and function in biodegradable polymer foam scaffolds,”
Biomaterials, vol. 22, no. 11, pp. 1279-1288, 2001.

[4] G. Cerino, E. Gaudiello, T. Grussenmeyer et al., “Three di-
mensional multi-cellular muscle-like tissue engineering in
perfusion-based bioreactors,” Biotechnology —and Bio-
engineering, vol. 113, no. 1, pp. 226-236, 2016.

[5] N.Y.Liaw and W.-H. Zimmermann, “Mechanical stimulation
in the engineering of heart muscle,” Advanced Drug Delivery
Reviews, vol. 96, pp. 156-160, 2016.

[6] W.L.Stoppel, D. L. Kaplan, and L. D. Black III, “Electrical and
mechanical stimulation of cardiac cells and tissue constructs,”
Advanced Drug Delivery Reviews, vol. 96, pp. 135-155, 2016.

[7] R. F. Canadas, A. P. Marques, R. L. Reis, and J. M. Oliveira,
“Bioreactors and microfluidics for osteochondral interface
maturation,” in Osteochondral Tissue Engineering, vol. 1056,
pp. 395-420, Springer, Cham, Switzerland, 2018.

[8] I. Martin, D. Wendt, and M. Heberer, “The role of bioreactors
in tissue engineering,” Trends in Biotechnology, vol. 22, no. 2,
pp. 80-86, 2004.

[9] N. Plunkett and F. J. O’Brien, “Bioreactors in tissue engi-
neering,” Studies in Health Technology and Information,
vol. 152, pp. 152-214, 2010.

[10] J. Hambor, “Bioreactor design and bioprocess control for
industrialized cell processing,” Bioprocess International,
vol. 10, pp. 22-33, 2012.

[11] D. Massai, G. Cerino, D. Gallo et al., “Bioreactors as engi-
neering support to treat cardiac muscle and vascular disease,”
Journal of Healthcare Engineering, vol. 4, no. 3, pp. 329-370,
2013.

[12] D. Massai, G. Isu, D. Madeddu et al., “A versatile bioreactor
for dynamic suspension cell culture. Application to the culture
of cancer cell spheroids,” PLoS One, vol. 11, no. 5, Article ID
e0154610, 2016.

[13] C. Kropp, D. Massai, and R. Zweigerdt, “Progress and
challenges in large-scale expansion of human pluripotent
stem cells,” Process Biochemistry, vol. 59, pp. 244-254, 2017.

[14] 1. Chimenti, D. Massai, U. Morbiducci, A. P. Beltrami,
M. Pesce, and E. Messina, “Stem cell spheroids and ex vivo
niche modeling: rationalization and scaling-up,” Journal of
Cardiovascular Translational Research, vol. 10, no. 2,
pp. 150-166, 2017.

[15] https://www.ema.europa.eu/en/human-regulatory/research-
development/compliance/good-laboratory-practice-compliance.

[16] C. F. Mandenius, Bioreactors: Design, Operation and Novel
Applications, Wiley, Weinheim, Germany, 2016.

[17] A. R. Raveling, S. K. Theodossiou, and N. R. Schiele, “A
3D printed mechanical bioreactor for investigating mecha-
nobiology and soft tissue mechanics,” MethodsX, vol. 5,
pp. 924-932, 2018.

[18] D. Schneidereit, J. Tschernich, O. Friedrich, M. Scharin-
Mehlmann, and D. F. Gilbert, “3D-printed reusable cell
culture chamber with integrated electrodes for electrical
stimulation and parallel microscopic evaluation,” 3D
Printing and Additive Manufacturing, vol. 5, no. 2,
pp. 115-125, 2018.

[19] L. J. Smith, P. Li, M. R. Holland, and B. Ekser, “FABRICA: a
bioreactor platform for printing, perfusing, observing & stimu-
lating 3D tissues,” Scientific Reports, vol. 8, no. 1, article 7561, 2018.

[20] G. Pisani, A. Rodriguez, G. Cerino et al., “Automated bio-
reactor for biomimetic adaptive culture and in situ me-
chanical characterization of cardiac tissue models,” Tissue
Engineering Part A, vol. 21, p. S376, 2015.

[21] B. N. Turner, R. Strong, and S. A. Gold, “A review of melt
extrusion additive manufacturing processes: I. process design
and modeling,” Rapid Prototyping Journal, vol. 21, no. 3,
pp. 192-204, 2015.

[22] S. H. Huang, P. Liu, A. Mokasdar, and L. Hou, “Additive
manufacturing and its societal impact: a literature review,”
International Journal of Advanced Manufacturing Technology,
vol. 67, no. 5-8, pp. 1191-1203, 2013.

[23] T. Chen, S. Fritz, and K. Shea, “Design for mass customization
using additive manufacture: case-study of a balloon-powered
car,” in Proceedings of the 20th International Conference on
Engineering Design (ICEDI15), vol. 4, Milan, Italy, July 2015.

[24] M. Terzini, A. Aldieri, E. M. Zanetti, D. Massai, A. L. Audenino,

and C. Bignardi, “Native human dermis versus human acellular

dermal matrix: a comparison of biaxial mechanical properties,”

Australasian Medical Journal, vol. 11, no. 8, pp. 434-442, 2018.

C. Castaldo, D. Nurzynska, V. Romano et al., “From cover to

core: acellular human dermis for the regeneration of human

heart,” Tissue Engineering Part A, vol. 23, no. S1, p. S-67, 2017.

http://usglobalimages.stratasys.com/Main/Files/Material_Spec_

Sheets/MSS_FDM_ABSplusP430.pdf.

http://articles.stratasys.com/user-guides/fdm-3d-printers/uprint-

se-uprint-se-plus-user-guide.pdf.

[28] M. Terzini, C. Bignardi, C. Castagnoli, I. Cambieri,
E. M. Zanetti, and A. L. Audenino, “Dermis mechanical be-
haviour after different cell removal treatments,” Medical En-
gineering & Physics, vol. 38, no. 9, pp. 862-869, 2016.

[29] M. Terzini, C. Bignardi, C. Castagnoli, I. Cambieri,
E. M. Zanetti, and A. L. Audenino, “Dermis mechanical be-
havior in relation to decellularization treatment length,” Open
Biomedical Engineering Journal, vol. 10, no. 1, pp. 34-42, 2016.

[30] E. M. Zanetti, M. Perrini, C. Bignardi, and A. L. Audenino,
“Bladder tissue passive response to monotonic and cyclic
loading,” Biorheology, vol. 49, no. 1, pp. 49-63, 2012.

[31] E. M. Zanetti, A. Aldieri, M. Terzini, M. Cali, G. Franceschini,
and C. Bignardi, “Additively manufactured custom load-
bearing implantable devices: grounds for caution,” Austral-
asian Medical Journal, vol. 10, no. 8, pp. 694-700, 2017.

[25

[26

[27


https://www.ema.europa.eu/en/human-regulatory/research-development/compliance/good-laboratory-practice-compliance
https://www.ema.europa.eu/en/human-regulatory/research-development/compliance/good-laboratory-practice-compliance
http://usglobalimages.stratasys.com/Main/Files/Material_Spec_Sheets/MSS_FDM_ABSplusP430.pdf
http://usglobalimages.stratasys.com/Main/Files/Material_Spec_Sheets/MSS_FDM_ABSplusP430.pdf
http://articles.stratasys.com/user-guides/fdm-3d-printers/uprint-se-uprint-se-plus-user-guide.pdf
http://articles.stratasys.com/user-guides/fdm-3d-printers/uprint-se-uprint-se-plus-user-guide.pdf

Hindawi

Journal of Healthcare Engineering
Volume 2019, Article ID 5153136, 12 pages
https://doi.org/10.1155/2019/5153136

Research Article

Hindawi

Robocasting of Bioactive Si0,-P,05-Ca0-Mg0-Na,0-K,0

Glass Scaffolds

Francesco Baino (), Jacopo Barberi,' Elisa Fiume,"? Gissur Orlygsson,3

Jonathan Massera,* and Enrica Verné'

'Department of Applied Science and Technology (DISAT), Politecnico di Torino, Turin, Italy
*Department of Mechanical and Aerospace Engineering (DIMEAS), Politecnico di Torino, Turin, Italy
3Department of Materials, Biotechnology and Energy, Innovation Center Iceland (ICI), Reykjavik, Iceland
*Faculty of Medicine and Health Technology, University of Tampere, Tampere, Finland

Correspondence should be addressed to Francesco Baino; francesco.baino@polito.it

Received 19 December 2018; Accepted 12 March 2019; Published 11 April 2019

Academic Editor: Michele Cali

Copyright © 2019 Francesco Baino et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Bioactive silicate glass scaffolds were fabricated by a robocasting process in which all the movements of the printing head were
programmed by compiling a script (text file). A printable ink made of glass powder and Pluronic F-127, acting as a binder, was
extruded to obtain macroporous scaffolds with a grid-like three-dimensional structure. The scaffold architecture was investigated
by scanning electron microscopy and microtomographic analysis, which allowed quantifying the microstructural parameters
(pore size 150-180 ym and strut diameter 300 ym). In vitro tests in simulated body fluid (SBF) confirmed the apatite-forming
ability (i.e., bioactivity) of the scaffolds. The compressive strength (around 10 MPa for as-produced scaffolds) progressively
decreased during immersion in SBF (3.3 MPa after 4 weeks) but remains acceptable for bone repair applications. Taken together,
these results (adequate porosity and mechanical strength as well as bioactivity) support the potential suitability of the prepared

scaffolds for bone substitution.

1. Introduction

Bone substitution in critical- and medium-sized defects,
resulting from injuries, degenerative pathologies, and tumor
removal, is still considered one of the major clinical chal-
lenges of our time. Hence, there has been a considerable
increase in the demand for bone grafts over the last years [1].
Autologous bone is still considered the “gold standard” in
realizing bone grafting procedures mainly due to its ex-
cellent biocompatibility, but the need to overcome the limits
related to tissue availability and donor site morbidity is
driving researchers towards other options. Allografts and
xenografts are available in a virtually unlimited amount but
can carry the risk of disease transmission, are often resorbed
more quickly as compared to the host bone healing rate, and
may be refused by the patient due to ethical or religious
concerns [2]. Hence, many efforts have been carried out in

the last two decades for the development of engineered
tissues created by bioreactors [3] as well as synthetic bone
grafts exhibiting osteoconductive, osteoinductive, and
osteogenetic properties [4-6].

Up to now, among all the available synthetic materials
used in the production of bone grafts (i.e., polymers, ce-
ramics, and composites [7]), undoubtedly bioactive glasses
(BGs) show highly attractive properties as basic materials for
the fabrication of three-dimensional (3D) scaffolds based on
bone tissue engineering (BTE) strategies [8, 9]. The suit-
ability of BGs relies on their unique capability to both create
a stable material-device interface by inducing the formation
of a hydroxyapatite (HA) layer on their surface and promote
the expression of osteogenetic factors by osteoprogenitor
cells [10, 11].

When designing scaffolds for BTE, interconnected pores
with mean diameter >100 ym and open porosity >50 vol.%
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are considered to be the minimum requirements to have a
proper tissue ingrowth and cell migration within the grafting
material [12-14]. Moreover, achieving a suitable mechanical
response of the device is essential in order to guarantee both
structural integrity and adequate support over the whole
duration of the healing process [15]. Unfortunately, almost
all the traditional manufacturing processes, deeply reviewed
elsewhere [16-18], do not allow achieving an accurate
control on such parameters.

As safety and reliability of the implant-manufacturing
process represent moral imperatives in health sciences,
methods for the production of complex geometries and
patient-specific devices are strongly required. As a result,
starting from the early ’80s, solid freeform fabrication (SFF)
techniques, also known as additive manufacturing (AM)
technologies, gained increasing scientific interest because of
the possibility to easily tailor the device properties by simply
acting on process parameters [19, 20]. Such technologies, in
fact, are based on bottom-up approaches, where the object is
produced layer by layer starting from a computer-aided
design (CAD) file (.stl file) or text scripts [15]. All these
aspects are of particular interest in BTE where obtaining
customized devices is a primary goal [21]. A high control on
porosity, pore size, and interpore interconnectivity can
actually be achieved by relatively simple SFF processes.
These techniques show also promise for large-scale
manufacturing, where high reproducibility of the devices
is required.

Moreover, having a high control on the scaffold archi-
tecture makes it possible to tailor the mechanical response of
the device during the design phase [22]. In this regard, it
should be pointed out that both compressive strength and
elastic modulus of the bone should ideally be matched by the
scaffold. These parameters depend on both the extruded
material properties and the scaffold pore/strut structure.

Several SFF techniques have already been used for BTE
scaffold fabrication, including 3D printing (3DP), fused
deposition modeling (FDM), ink-jet printing, stereo-
lithography (SL), and selective laser sintering (SLS) [20].
However, very little information is available in the literature
regarding the processing of bioactive glasses by SFF tech-
niques. Probably, robocasting is the most common and
powerful direct ink-writing technique for the processing of
glass and glass-ceramic scaffolds. This technique is based on
the continuous extrusion of a filament (ink) from a robot-
controlled nozzle onto a building platform [22]. The ink is a
slurry, composed of glass or ceramic particles and a poly-
meric binder to form a colloidal suspension, characterized
by well-defined rheological properties [23]. Usually, the
process does not require the use of a high concentration of
binder, allowing sintered parts to be obtained in a short time
[22]. Pluronic F-127 is one of the three most commonly used
binders for robocasting in bone applications [24-26], to-
gether with ethyl cellulose/polyethylene glycol and car-
boxymethyl cellulose [27-30].

Robocast bioceramic scaffolds were produced for the
first time in 2010 by Franco et al., who developed a hydrogel-
based ink containing calcium phosphates (HA and -TCP)
[24]. Since then, both commercial 4555 Bioglass® and 13-93
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glass were processed by robocasting by several research
groups. In 2013, Liu et al. used robotic deposition to produce
13-93 glass-based grid-like microstructured scaffolds with
47vol.% porosity and 300 um pore width. Flexural and
compressive mechanical tests were performed before and
after both bioactivity tests in simulated body fluid (SBF) and
in vivo tests in a rat subcutaneous model. It was found that
compressive strength decreased both after 2-week immer-
sion in SBF and in vivo implantation. Moreover, a shift from
brittle to elastoplastic response was observed after 2- and 4-
week implantation in vivo, thus demonstrating the bone-like
behaviour of such devices and their suitability in load-
bearing applications [26].

In 2014, fully vitreous 45S5 Bioglass®-based scaffolds
with interconnected porosity ranging from 60 to 80vol.%
were successfully produced for the first time. All the scaffolds
showed compressive strength comparable to that of the
trabecular bone (2-13 MPa), even when sintered below the
crystallization temperature [27].

More recently, 4555 Bioglass®-based scaffolds reinforced
by HA/PCL nanocomposite coatings were obtained by
Motealleh et al. [30], who interestingly investigated the
effects of different postprocessing thermal treatments on the
scaffold mechanical response. The CAD-derived original
architecture was successfully retained upon sintering both in
amorphous and highly crystallized scaffolds, with com-
pressive strengths of 2 MPa and 11 MPa, respectively, which
are definitely in the range of the trabecular bone.

In a recent study, functionally graded porous devices
were successfully obtained by Mattioli-Belmonte et al. [31]
who used a robocasting system, called the pressure-assisted
microsyringe (PAM), to produce bioactive glass/poly(lactic-
co-glycolic acid) (PLGA) 2D porous structures characterized
by a well-defined topology. The layers were then assembled
in order to obtain a 3D bone-like scaffold [31]. It was
demonstrated that the elastic modulus was comparable to
that of the cancellous bone, and osteoblastic differentiation
of human periosteal precursor cells was observed, showing
great promise for bone tissue engineering applications.

In the present work, highly bioactive and fully amor-
phous grid-like scaffolds for bone regeneration were pro-
duced by robocasting using a six-oxide silicate glass as the
basic material for the ink formulation. The aim was to
demonstrate that it is possible to obtain 3D structures with
suitable porosity with a rather simple method, avoiding the
use of ultrafine powders, thin nozzles, and complex ink
preparation.

2. Materials and Methods

2.1. Glass Preparation. The basic material used to manu-
facture the scaffolds was a silicate glass (composition
47.58i0,-10Na,0-10K,0-10MgO-20Ca0-2.5P,05 mol.%)
originally developed by Verné et al. [32] at Politecnico di
Torino. This glass, referred to as 47.5B, was produced by a
standard melting method in a platinum crucible. The raw
precursors (SiO,, Na,CO;, K,CO;, (MgCO;)4,-Mg(OH),-
5H,0, CaCOs;, and Ca3(PO,), high-purity powders pur-
chased from Sigma-Aldrich) were homogeneously mixed in
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the crucible and melted in air at 1500°C for 30 min. The melt
was then quenched in deionized water to produce a frit that
was ball-milled (Pulverisette 0, Fritsch, Germany) and sieved
to obtain a final particle below 32 ym by using a stainless
steel sieve (Giuliani Technologie Srl; mesh 32 ym).

2.2. Scaffold Fabrication by Robocasting. The 47.5B glass was
thought to be very suitable to produce completely amor-
phous—and hence highly bioactive—porous scaffolds due to
its large hot-working range (difference between onset of
crystallization (T) and glass transition temperature (Ty),
Ty~ Ty =260°C), as determined in a previous study [32].

Pluronic F-127 (Sigma-Aldrich) was used as a binder for
the preparation of the glass-based ink. The ink formulation
was optimized through some preliminary trials and involved
the addition of 35vol.% of glass to an optically clear water-
based solution containing 27.5 wt.% of Pluronic F-127. Prior
to adding the glass, the Pluronic F-127 solution was stirred
overnight while being maintained at low temperature in an
ice bath due to the thermosensitive behaviour of the binder.
The glass-containing ink was then mixed for 1 min by using a
vortex mixer (Ika-Werk shaker, type Vibrofix VF1 elec-
tronic) at 2500 rpm and cooled for 1 min in the ice bath. Five
mixing-cooling cycles were performed to allow achieving
good dispersion of the glass particles.

The plastic cartridge connected to the robocasting ma-
chine (3Dn-Tabletop, nScrypt Inc., Orlando, FL, USA) was
filled with the ink, which was left to stabilize for 1 h before
printing. The only movement that was allowed to the
printing tower was along the (vertical) z-axis, and its po-
sition determined the printing height. Plastic tips with an
inner diameter of 410pym (Nordson EFD Optimum®
SmoothFlow™) were used to extrude the ink. The plate
under the nozzle was moved on the x-y plane with respect to
the printing tower so that the ink was extruded according to
the correct pattern. The printing accuracy was 10 ym along
the x- and y-axes and about 5pm along the z-axis [33].

Acetate sheets (Colour Copier and Laser Transparency
OHP Film, Folex AG, Seewen, Switzerland) were used as the
printing substrate due to their flatness, good adhesions they
have with the ink, and easiness to detach the scaffolds from
them once they are dry [34].

Once the cartridge was loaded and fitted in position and
the acetate sheet was placed on the platform, the processing
parameters were adjusted using the software (MachineTools
3.0) provided by nScrypt. The desired structure was obtained
by programming every single movement that the print head
must do along the x-, y-, and z-axes through compiling a
design script, written as a text file. The printing speed was
2mm/s, and the pressure used to extrude the ink was in the
range of 1.24-1.51 bar; the raster pattern is shown in Figure 1.

Robocast 47.5B scaffolds were porous cuboids
(length =width=7.5mm) with a grid-like structure and
were made of 20 glass layers (height about 4.5 mm). Once the
printing was completed, the scaffolds were left to dry for 48 h
in air and finally detached from the acetate sheet. A mul-
tistep thermal treatment (three stages at 200, 400, and 500°C
for 30 min each followed by a final stage at 600°C for 1h;

9.54mm

| ] 0.636mm

FIGURE 1: Raster pattern used to print the scaffolds.

heating rate 1°C/min) was eventually performed to allow the
removal of the organic binder and the sintering of glass
particles. Only the last heat treatment, being performed at a
temperature higher than T, led to glass sintering, while the
others were part of the burning-out process of the binder,
which was carried out slowly to ensure the complete removal
of any organic residue and avoid cracking phenomena due to
sudden shrinkage.

2.3. Characterizations

2.3.1. X-Ray Diffraction. Both as-quenched glass and sintered
scaffolds (after being crushed into powder) underwent wide-
angle X-ray diffraction (XRD; 26 within 20-70) to detect the
presence of crystalline phases. A X’Pert Pro PW3040/60 dif-
fractometer (PANalytical, Eindhoven, Netherlands) was used;
the experimental setup included operating voltage 40KkV,
filament current 30 mA, Bragg-Brentano camera geometry
with Cu Ka incident radiation (wavelength A =0.15405nm),
step size 0.02°, and fixed counting time per step 1s.

2.3.2. In Vitro Bioactivity. The bioactivity of the robocast
scaffolds, in terms of HA formation and ionic release in
vitro, was carried out by properly adapting the testing
procedure proposed by Macon et al. [35]. The experiments
involved the immersion of triplicate samples in Kokubo’s
SBF [36] for 6, 24, 48, 72, 168, and 336 h. The ratio between
sample mass and SBF volume at the beginning of the ex-
periments was fixed at 1.5mg/ml. The specimens were
placed into an orbital shaker incubator (Multitron AJ 118 g,
Infors, Bottmingen, Switzerland) at 37°C under a constant
speed of 100 rpm. The solution was analyzed at each time
point by means of inductively coupled plasma optical
emission spectroscopy (ICP-OES) (5110 ICP-OES, Agilent
Technologies) in order to evaluate the concentration of ions
in the solution. After being extracted from the solution, the
samples were gently rinsed with distilled water and left to dry
overnight at room temperature. The results were expressed
as mean + standard deviation.



2.3.3. Morphology and Porosity. The scaffolds were in-
vestigated before and after in vitro tests by a field-emission
scanning electron microscope (FE-SEM; Supra™ 40, Zeiss,
Oberkochen, Germany) equipped with an energy dispersive
spectroscopy (EDS) detector in order to evaluate the pore-
strut morphology and the formation of new phases on the
surface of SBF-treated samples. The specimens were sputter-
coated with chromium prior to the analysis and inspected at
an accelerating voltage of 15kV.

The total porosity of the scaffolds was assessed by mass-
volume measurements as (1 —p/p,) x 100, where p is the
apparent density of the scaffold and pj is the bulk density.
The porosity was expressed as mean + standard deviation
calculated on five specimens.

For micro-CT analysis, the samples were X-ray scanned in
the dry state in a Phoenix Nanotom S machine (General
Electric Measurement and Control), at a source voltage of
110kV and a source current of 110 yA. No X-ray filters were
used. The scanning modalities for the robocast 47.5B scaffolds
before and after immersion in SBF are reported in Table 1. A
translational motion compensation was performed in order to
guarantee a perfect matching of the 0° and 360° shadow
images. Thereafter, the projection images were used to re-
construct the investigated scaffolds by means of the Radon
transform [37, 38] as algorithmized in the software datos|x
reconstruction provided by the manufacturer. VGStudio Max
2.0 from Volume Graphics was employed for visual evalua-
tion and detail measurements on strut and void sizes as well as
for calculations of porosity. An automated calibration routine
integrated into VGStudio Max 2.0 was used to define material
boundaries. The software determines the background peak
and the material peak in the grey value histogram and cal-
culates the grey value of the material boundary. VGStudio
Max 2.0 was also used to export image stacks in the DICOM
format. This format can be read into the Bone] plugin [39]
running under the Image] software package (version 1.51t)
[40]. Bone] (version 1.4.2) was used to extract information
following an approach used for the trabecular bone where
bone volume, total volume, trabecular thickness, and tra-
becular spacing (i.e., pore size) are determined [41].

2.3.4. Mechanical Characterization. The compressive
strength of the scaffolds before and after in vitro tests (2 and
4 weeks in SBF) was evaluated through crushing tests by
using an MTS machine (Model 43, MTS, Minnesota, USA;
cell load 5kN and cross-head speed 1 mm-min~"'). The
failure stress was calculated as the ratio between the max-
imum load registered during the test and the resistant cross-
sectional area measured by callipers. The compressive
strength was expressed as mean + standard deviation cal-
culated on five specimens for each type.

3. Results and Discussion

3.1. Microstructure and Morphology. Figure 2 shows the XRD
spectra of both the as-quenched material and the sintered
scaffolds. As expected, no diffraction peaks can be detected,
but only a broad amorphous halo in the range of 20 to 35" is
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visible, which is typical of silicate glasses (red pattern). No
microstructural changes in the material were revealed after
the thermal treatment at 600°C, which demonstrates that
47.5B scaffolds remain in an amorphous state (black pattern).
This is beneficial for the bioactivity, as suggested by some
studies reporting that devitrification can reduce the apatite-
forming ability of bioactive glass-derived materials [42].

The scaffold structure obtained by robocasting is highly
regular with a grid-like arrangement of the pores
(Figure 3(a)). The struts (rods) remained straight during the
sintering process and exhibited a quite regular circular
section. The porosity is made of regular macrochannels, both
vertical and horizontal, generated by the separation between
glass lines and the tilting of each newly juxtaposed layer with
respect to the underlying one.

More accurate morphological investigations were car-
ried out by SEM, especially in order to understand the level
of sintering reached during the thermal treatment. The
scaffolds exhibit well-densified struts (rods) in which the
glass particles are no more distinguishable (Figure 3(b)).
High-magnification analysis reveals that the interparticle
porosity almost completely disappeared as a result of sin-
tering and the glass particles are fused together, also in the
areas of contact between adjacent rods (Figure 3(c)). Few
small spherical pores derived from air bubbles entrapped in
the ink can also be observed. The cross-sectional size of the
channels (100-200 ym) is potentially suitable to support new
bone formation. In fact, pores above 100 ym allow osteo-
blastic cell colonization and proper vascularization, thus
avoiding hypoxic growth conditions of the bone [9].

The total porosity of the scaffolds was 42.5 + 4.5 vol.%,
which is close to the minimum threshold of acceptability
recommended for bone tissue engineering applications
(about 50 vol% [43]). Further optimizations of the robo-
casting process could allow increasing the porosity without
negatively affecting the structural integrity. The low value of
standard deviation demonstrates the good reproducibility of
the fabrication process.

Micro-CT reconstructions of two-dimensional sections
of the scaffolds are reported in Figure 4.

The tomographic images showed good regularity of the
pore-strut structure and rod diameter: the voids that are
visible in the filaments are due to air bubbles that remained
entrapped inside the ink. In some cases, these voids origi-
nated from full-thickness cracks in the filaments as a con-
sequence of the scaffold volumetric shrinkage upon
sintering. Quantification of microstructural parameters
yielded the following results: pore width 180 + 25 ym, pore
height 147 +19 ym, and strut diameter 300 + 10 ym. These
findings are consistent with those from SEM observations;
the low values of standard deviation confirmed the good
reproducibility of the robocasting process.

A slight curvature in the rods of the scaffold structure is
visible in Figure 4(a). This could be due to (i) the slight
bending of the ink filaments under their own weight prior to
sintering and (ii) shrinkage phenomena that occur during
sintering.

Three-dimensional reconstructions of the whole scaffold
volume are also displayed in Figure 5.
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TaBLE 1: Micro-CT scanning parameters.
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F1GURE 2: XRD patterns. Both the as-quenched 47.5B glass powders (red) and the powdered scaffolds sintered at 600°C for 1 h (black) are

characterized by the amorphous structure since no crystallization peaks were observed.

F1GURE 3: Morphological evaluation of the scaffold. Top view of the grid-like structure obtained by optical microscopy (a); SEM micrograph

of the channel porous structure (b) and of the trabecular section (c).

3.2. In Vitro Bioactivity. A biomaterial for bone repair is ~ immersion in solutions that simulate the body envi-
defined “bioactive” if HA precipitates onto its surface ronment (in vitro) [44]. XRD analyses on the samples
once it is implanted inside a living body or during  soaked in SBF for different time frames actually
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(a)

(b)

F1GURE 4: Micro-CT images of 47.5B scaffolds. Vertical section on a plane that passes through the gap between 2 central rods (a); vertical
section on a plane that cuts through the rods parallel to the image plane (b); horizontal section on the midheight of the scaffold, showing also

the border of the scaffold (c) (nominal strut diameter: 300 ym).

revealed the formation of HA on the scaffold surface
(Figure 6).

Specifically, there was a progressive disappearance of the
amorphous halo typical of the glass and the appearance of
the HA characteristic diffraction peaks. The two main peaks
of HA (PDF code no. 01-073-1731) were detected, the
highest at 31.79° (corresponding to the (21 1) reflection) and
the other one at 25.68° ((0 0 2) reflection). These peaks are
not sharp but have a quite broad appearance, suggesting that
the HA formed on the scaffold struts has a nanocrystalline
nature.

A better understanding of the in vitro bioactivity
mechanism of 47.5B scaffolds was obtained performing
morphological and compositional analyses by SEM and EDS
assisted by micro-CT imaging. Thus, it was possible to follow
the stepwise evolution of the scaffold surface, including the

formation of the silica gel, the precipitation of the amor-
phous calcium-phosphate layer, and the nucleation and
growth of HA crystals, according to the bioactivity mech-
anism proposed by Hench [45]. After 6 h, it is possible to see
the formation of the silica gel (the typical surface-cracked
layer in Figure 7(a)), and at 24 h, small calcium-phosphate
nuclei are visible as brighter globules on the surface of the
underlying gel (Figure 7(b)). This layer evolved leading to
the formation of needle-like HA crystals that grew and
joined together to form large globular crystals with “cauli-
flower morphology,” which is typical of bone-like HA
(Figures 7(c)-7(e)). After 1week, the scaffold struts are
thicker as compared to those of untreated scaffolds and are
covered by HA globular aggregates. After 2 weeks, no sig-
nificant thickening of the scaffold rods is observed, sug-
gesting that a process of HA detachment from the scaffold
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FIGURE 6: XRD spectra of 47.5B scaffolds after different immersion times in SBF. The characteristic peaks of HA are indicated by Miller

indices (h k I).

might have taken place. This is evidenced by the fact that the
HA crystals detected on the scaffold walls are smaller
compared to the ones that covered the 1-week specimen, as it
is possible to see in Figure 7(d). The Ca-to-P atomic ratio
increases with soaking time from 0.46 at 24h to 1.47 at

2 weeks. The Ca-to-P ratio at the end of the experiments is
still lower that the value of stoichiometric HA (Ca/P = 1.67),
revealing the presence of Ca-deficient HA as already ob-
served previously for other bioactive glass compositions
[46-48]. However, as Mg®" ions are released from the glass
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40pum

40 um

F1GURE 7: SEM morphological analysis performed after immersion in SBF at different time points. Typical silica gel layer observed on the
surface of the material after soaking for 6h (a); small calcium-phosphate nuclei formed after 24 h (b); gel layer evolution upon soaking
observed after 72h (c); formation of a thick layer of globular HA characterized by the typical cauliflower morphology after 1-week
immersion (d); morphology evaluation of the surface after 2 weeks revealed a partial detachment of the HA with no significant changes in
the rod diameter (e).
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FIGURE 8: Cross section of a 47.5B scaffold soaked in SBF for two weeks obtained by micro-CT. (a) Standard condition and (b) augmented
contrast. HA, hydroxyapatite layer; sg, silica gel; BG, unmodified bioactive glass.

surface during immersion in SBF, a small amount of Ca in
HA has been substituted by Mg, as confirmed by compo-
sitional analysis. Therefore, the atomic ratio between the
amounts of bivalent cations and phosphorus (Ca+ Mg)/P
yields 1.64, which is closer to the Ca/P value of stoichio-
metric HA.

The micro-CT analysis of the scaffold structure after
2 weeks in SBF highlighted the presence of different reaction
layers in the rods resulting from the bioactivity mechanism
(Figure 8).

Some rods clearly exhibit a thick silica gel layer (grey
tones) with a thin converted outer layer of HA (white tones).
Other struts, mainly at the scaffold periphery, present a quite
thick HA coating and a core converted to silica gel. A third
type of rods is represented by the trabeculae in the center of
the scaffold which are almost unmodified. HA and bioactive
glass, which have higher densities than silica gel, are
highlighted in Figure 8(b).

Ions are released from the glass surface during the re-
action stages of the bioactivity mechanism; therefore, it is
possible to gain some additional information about this
process by monitoring the evolution of the ionic concen-
tration in SBF during the dissolution test. In fact, it was
previously shown that greater changes in ionic concentra-
tions can be related to higher bioactivity [49].

Silicon concentration increases steadily over the first
week (Figure 9), when the glass converts into silica gel re-
leasing soluble Si(OH),, and reaches the equilibrium at
1 week after the formation of an HA layer. Also, a similar
trend was observed for calcium ions within 1week, but a
plateau was not reached.

The trend of phosphorus is indicative of the seques-
tration of phosphate ions from the solution, which means
that calcium phosphate—and then HA—precipitates for the
whole soaking period. This is in good agreement with the
SEM and micro-CT observations (Figures 6 and 8). The
trends of magnesium and potassium ions are in accordance
with the evolution of the silicon concentration in the first
week, confirming a progressive dissolution of the glass.
However, while silicon concentration reaches a plateau after
1 week, the concentrations of magnesium and potassium in
SBEF still tend to increase over the whole testing period. The
evolution of the ionic concentrations of Si, Ca, and P is in

agreement with previous studies on the dissolution of
bioactive silicate glasses [50]. The release of sodium is not
reported because its concentration, extremely high within
the SBF solution, oversaturated the detector.

The pH of the solution was also monitored during the
test as its variations are strongly related to the ionic ex-
changes between glass and SBF. The pH values, shown in
Figure 9, exhibit a rapid increase in the first 24 h, and then
the increase in pH slowed down. This is consistent with the
morphological observations of the sample: since the pH is
modified by the ionic exchanges between the glass and the
solution, once the HA layer starts to form and limit the glass-
SBF interactions, the ion exchange rate decreases too.

3.3. Mechanical Strength. The compressive strength of as-
printed scaffolds was in the range of 5.6-16.5MPa
(9.9+4.6 MPa), which is comparable to the typical range
assessed for the human cancellous bone (2-12MPa [51]).
Future optimizations in the process of scaffold fabrication could
allow reducing the high variability of the mechanical strength.

The mechanical properties of scaffolds should ideally
match those of the host bone, and this is challenging es-
pecially in load-bearing applications. The advent of additive
manufacturing technologies disclosed fascinating scenarios
in this regard. An interesting study carried out by Rainer
et al. [52] established the basis for successfully achieving the
design of scaffolds with the microarchitecture predicted
through a priori finite-element analysis (FEA) of the implant
site geometry under physiological loads. This approach,
called the load-adaptive scaffold architecturing (LASA), uses
FEA for obtaining the principal stress directions under a
physiologically derived load system and can easily be cou-
pled to CAD-based manufacturing technologies. Although
the applications of LASA are currently limited to polymeric
materials, extension to glasses and ceramics would be highly
beneficial for the field of BTE scaffolds.

When a scaffold is implanted in a load-bearing site, its
major function is to act as a template for the new bone
growth while supporting the surrounding tissues, exactly as
a healthy bone does. Thus, the mechanical properties of the
scaffold need to be suitable at the moment of the implan-
tation and, furthermore, should not decrease too fast during
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FIGURE 9: Ion-release profiles related to Si (a), Ca (b), P (c), Mg (d), and K (e) and pH (f) trend upon soaking in SBF. The variation of ionic
concentration in the solution is reported after the subtraction of the ion concentration of blank SBF.

the healing time. The compressive strength of the scaffolds
decreases as the immersion time in SBF increases
(5.6 +2.2 MPa after 2 weeks and 3.3 + 0.7 MPa after 4 weeks)
but still remains within the typical range of the trabecular

bone (2-12 MPa [51]). This trend is in agreement with the
results reported by Motealleh et al. [30] who used robo-
casting to fabricate 4555 Bioglass® scaffolds with a grid-like
structure.
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4. Conclusions

Bioactive glass scaffolds were obtained by a relatively simple
robocasting process that does not require the use of ultrafine
glass powder, very thin nozzles, and a complex experimental
setup, which are usually needed in the processes reported in
the literature. The process allowed fabricating macroporous
scaffolds with well-reproducible microstructural features,
such as pore size and rod diameter. The compressive
strength of the scaffolds, which remains comparable to that
of the cancellous bone even after prolonged immersion in
SBF with ionic dissolution phenomena, combined with a
clear apatite-forming capability supports the potential
suitability of the material for bone repair applications.
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This paper describes the results of research projects developed at the University of L’Aquila by the research group of the authors in
the field of biomedical engineering, which have seen an important use of additive manufacturing technologies in the prototyping
step and, in some cases, also for the realization of preindustrialization prototypes. For these projects, commercial 3D printers and
technologies such as fused deposition modelling (FDM) were used; the most commonly used polymers in these technologies are
acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). The research projects concern the development of innovative
actuators, such as pneumatic muscles and soft pneumatic actuators (SPAs), the development of active orthoses, such as a lower
limb orthosis and, finally, the development of a variable-stiffness grasper to be used in natural orifice transluminal endoscopic
surgery (NOTES). The main aspects of these research projects are described in the paper, highlighting the technologies used such
as the finite element analysis and additive manufacturing.

1. Introduction

The authors have been engaged for several years in the
development of innovative nontraditional actuators, and
some of the research conducted on nontraditional pneu-
matic actuators, for example, for safety reasons, when the
movements must take place avoiding that the moving parts
constitute a danger to user, will be illustrated in this article.
This is the case in the medical sector of assistive and re-
habilitation devices, for example, an active orthosis, in which
the patient interfaces directly with the device that has an
autonomous movement capacity. In these cases, it is nec-
essary that the actuator is intrinsically safe; therefore, it must
not constitute a rigid system in movement but rather present
adequate compliance for a greater system safety because this
minimizes the risk of injury. Several researchers have de-
veloped compliant actuators able to perform a bending or a
rotary movement and suitable for use in the biomedical and/
or robotic field. These actuators are made of an elastomeric

material and are pneumatically powered. Different solutions
are proposed for deformation: an element of appropriate
shape made only of soft material or the combination of an
element in soft material with a reinforcement of adequate
internal stiffness. In [1], two categories of soft pneumatic
actuators (SPAs), the bending SPA and the rotary SPA, are
presented and characterized and a procedure for the design
of the types of actuators shown is described. In [2], the
concept of assembling modular units of fabric-based rotary
actuators for the construction of soft pneumatic structures,
interesting for the realization of gripping systems with
performances suitable for different types of objects, is il-
lustrated. In the following sections, the term SPAs will be
used for these nontraditional pneumatic actuators. The SPAs
shown here are made of silicone rubber or natural lattice,
due to their high deformability and simplicity of processing,
inside which one or more chambers are obtained to contain
the compressed air. When the latter is sent into the chamber,
the structure deforms symmetrically or asymmetrically, if


mailto:pierluigi.zobel@univaq.it
http://orcid.org/0000-0003-2245-1120
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/5659801

stiffness elements have been used (which can also be used to
control the maximum deformation) or in the case of dif-
ferent thicknesses of the elastomeric material, as shown in
Figure 1. The external load is applied through contact with
the deformable surfaces. The power-to-weight ratio is higher
than traditional actuators because they are very light ma-
terials. The force developed depends on the dimensions of
the deformable chamber, the compressed air pressure value,
the magnitude of the deformation caused, and the material
used.

The intrinsic yielding of the elastomeric material makes
these SPAs suitable for applications in the biomedical
sector and makes it possible to realize actuators with ge-
ometries developed according to the specific application.
These actuators require, for their realization, the prepa-
ration of a technological setup with the design and pro-
duction of molds to which the silicone compound is
poured, which allows the coupling of the half-shells. For the
molds of various types of actuators realized, the additive
manufacturing technology is frequently used. This tech-
nology has allowed the rapid and economic realization of
the molds and the possibility of a simple optimization of
the process even when it was necessary to modify the mold
for a new realization. The properties of the polymeric
materials used in 3D printers, such as ABS and PLA, meet
the necessary strength and quality specifications, such as
machining tolerances and surface finish, and they are easily
operated with the usual design tools such as finite element
analysis. Computer-aided design and finite element anal-
ysis have been among the most used tools for designing and
sizing these innovative actuators and the manufacturing
process. This paper shows some original development of
SPAs, including applications in biomedical engineering,
and of pneumatic muscle actuators, which are made up of
elastomeric materials too. The McKibben pneumatic
muscle is the most common type of braided muscle [3], and
it will be discussed here. It is made of an inner elastomer
tube surrounded by a braided shell and two ends. The
straight fibres pneumatic muscle received less interest
from the researchers [4], and it is formed by an elastomer
tube inside in which there is an axial texture of cables,
from one end to the other, and externally by circumfer-
ential rings that constrain the radial expansion. For both
types of pneumatic muscles, the air inlet causes a radial
expansion followed by an axial contraction of the heads,
which allows an external traction work. This paper will also
describe the research activity that led to the design and
prototype realization of a remote-controlled surgical
grasper, and of its variable-stiffness actuation (VSA) sys-
tem, for whose technological development, the additive
manufacturing was used. The robotics for the NOTES, also
called natural orifice transluminal endoscopic robotic
surgery (NOTERS), requires specific and customized so-
lutions, such as a snail-like robot and the variable-stiffness
actuation (VSA) implementation proposed in [5, 6]. Snail
architecture uses a chain of elements connected to each
other: the driver is placed near each joint, and the end
effector can be guided with high dexterity in the peritoneal
cavity. The VSA is recommended for developing high-
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performance devices for NOTERS, where intrinsic safety
is required for both involuntary impact with internal or-
gans and gripping, avoiding any potential damage to the
soft tissue that is grasped. The use of SPA in the surgical
gripper has proved to be very useful for the necessity of the
VSA and for the extreme compactness required. With the
NOTES, the abdominal cavity is reached in the absence of
external incisions, exploiting the natural cavities such as
the mouth, the rectum, and the vaginal conduit.

2. Materials and Methods

About the material used for soft pneumatic actuators and
pneumatic muscles, since the constitutive law of the elas-
tomeric material is nonlinear, as well as the behaviour of the
air, being a compressible fluid, it is very complex to identify
analytical correlations, assigned a geometry, among the
deformation, the developed force and the pressure within
the actuator chamber. Therefore, for the design of the ac-
tuators, the numerical modelling by the finite element
method is carried out and, in some cases, for pneumatic
muscles, the dimensional analysis is carried out, which
allowed building a design graph based on three di-
mensionless parameters, which contain the quantities that
influence the behaviour of the actuator. Several authors have
developed models of pneumatic muscles of the braided type
with the finite element method: the nonlinearity of the
rubber tube has been simulated with the Mooney-Rivlin
formulation with two coefficients as the mechanism for
transferring the load to the braided shell [7]. Some authors
[8] have proposed a nonlinear model to analyze the re-
lationship between different muscles arranged in parallel
and the total contraction ratio of each of them. This model
examined geometric nonlinearity, while the behaviour of the
rubber material was considered linear. Other authors [9]
proposed a model to optimize the angle of the braided shell,
and in [10], a method of quantitative optimization of the
project is shown. The analysis of the scientific literature
highlights the lack of a numerical model of the braided
pneumatic muscle that is built on the real geometrical
characteristics of the braided shell, as it is commercially
available. In these models, the braided shell is analysed with
average parameters available in the literature. The finite el-
ement model of the braided pneumatic muscle developed by
the authors has been experimentally validated [11]. The model
developed is nonlinear and based on real muscle parameters.
It is proposed to predict the muscle behaviour and act as a
reliable design tool. Several prototypes have been made of this
muscle, and they have been applied in research projects for
the development of orthoses. In Figures 2(a)-2(c), an example
of numerical results of an isotonic test simulation, based on
the model proposed, is shown. A research work was also
carried out for straight fibres pneumatic muscles [12], and in
Figure 2(d), an example of a characteristic graph obtained
with the design curve is shown together with the curve re-
quired by the designer (traction force F vs. shortening AL) for
a biomedical application.

The soft pneumatic actuators (SPAs), the straight fibres,
and the braided pneumatic muscles require the experimental
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FIGURE 2: Numerical results of an isotonic test simulation with the braided pneumatic muscle model: (a) rest muscle; (b) during shortening;
(c) at maximum inflation speed (side view). Graph obtained by connecting the design curve of the straight fibre pneumatic muscle together

with the curve desired by the designer (d).

identification of the constitutive law of the elastomeric
material used (e.g., Silastic E of Dow Corning). In the
presence of actuator symmetries, the geometry modelled by
the finite elements can represent half or a quarter of the
entire geometry (Figure 3).

Usually, it is sufficient to create two models: a model that
simulates the isometric test conditions and the one that
simulates isotonic ones. In the first case, with constant
deformation, the force value developed by the actuator is
correlated to the air pressure; in the second, at constant load,



()

the deformation of the actuator correlates with the air
pressure. The finite elements used for the silicone rubber
modelling are of the brick type, and the elastomeric material
is modelled by the Mooney-Rivlin formulation with two
coeflicients. Once the actuator has been sized, the first step is
the designing of the mold, made of polymeric materials by
additive manufacturing. Then, the preparation of the sili-
cone rubber starts as follows: before the catalysis takes place,
the rubber has a very fluid consistency and is easily pourable.
Before casting, it is advisable to proceed with the removal of
air bubbles present in the silicone rubber mix, to avoid
inclusions inside the actuator. Thus, the casting is carried
out. Depending on the type of SPA, the construction can
take place in a single casting or in successive phases. The
second mode occurs when a metal plate or a bar is in-
corporated into the actuator to limit deformation in an
assigned direction or when multichamber actuators are to be
made. Thus, the construction of a first layer of the actuator is
carried out. And the mixture is expected to start to solidify,
and the high stiffness material is deposited; then, a second
casting is carried out; the second casting is expected to start
to solidify and the material for the construction of the
chamber is laid below another casting until the entire mold is
filled. Typically, the construction of the chamber is carried
out by a sheet of paper or by wax, according to requirements.
An example of embodiment of a square-shaped SPA is
shown in Figure 4. The conduit for air supply and discharge
can be integrated with the actuator (in this case, it is made of
silicone rubber during the casting process) or the mold is
designed with a cavity inside the actuator, where the valve
will be placed.

3. Results and Discussion

3.1. Actuators and Active Orthoses. The types of pneumatic
actuators presented here belong to two different families:
pneumatic muscles and soft pneumatic actuators (SPAs).
The former have been the subject of research activities and
find space in some industrial applications, as they are
available in the automation components market; the latter
are not present in the market but are often designed ad hoc
and integrated into commonly used devices such as blood
pressure measurement systems and other medical devices,

Journal of Healthcare Engineering

Ansys 5.4

May 29, 2005
18:43:26
Nodal solution
Step =1

Sub =10

Time =1
USUM

RSYS =0
DMX =19.359
SMX =19.359

(®)
FIGURE 3: Example of a SPA prototype with an output of the finite element model.

such as car seats and massage chairs. Two types of pneumatic
muscles have been developed [11, 12]: straight fibres and
braided, also known as McKibben muscle. The straight fibres
pneumatic muscle (Figure 5(a)) is made of a silicone cy-
lindrical chamber in the wall in which a cage consists of 40
Kevlar threads, arranged longitudinally and held in position
by two end rings, in which one is buried inside the silicone
and the other is connected to the head that contains the air
supply/discharge pipe. The pneumatic and mechanical seal is
ensured by means of clamping systems with the tube at the
heads. To limit the radial deformation of the muscle, metal
circumferential rings are arranged externally of the cylin-
drical chamber. The pneumatic muscle of the McKibben
type (Figure 5(b)) is formed by using a cylindrical chamber
made of the elastomeric material, a sheath consisting of a
rhomboidal mesh that covers the chamber externally, and
two heads which have the function of isolating the chamber,
blocking the sheath on the outside of the chamber, and
allowing the anchorage of the muscle to the device. On one
of the two heads, the air supply/discharge hole is made. The
sheath is of the braided type and has a cylindrical shape: the
wires, in polyamide, are placed side by side in numbers of six
and wound to form 42 spirals that create rhomboidal
meshes. Sending air into the chamber causes an increase in
volume so that the outer surface of it comes into contact with
the outer sheath; the muscle contracts due to the high axial
rigidity of the wires forming the sheath. Table 1 shows the
characteristics of the silicone muscles made. Pneumatic
muscles have been used in research applications in the
biomedical sector: those with straight fibres for the move-
ment of an anthropomorphic rehabilitation robot of the
upper limb and with the braided muscles for the movement
of an inferior and upper limb orthosis.

The active orthosis for inferior limb is a research project
born with the aim of developing a solution to allow the
elderly, and people with weak strength in the legs, to have a
wearable device under the pants that can give them addi-
tional strength in the legs to allow them to get up from a
sitting position. The result of this research activity [13] is an
optimized prototype of a one degree-of-freedom lower limb
orthosis with a light structure; it is made of carbon fibre and
naturally activated with a sensor that detects the contraction
of the quadriceps femoris of the user.
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FIGURE 4: Steps of manufacturing a square-shaped SPA: after solidification of the first silicone layer, (a) deposition of an element with high
rigidity; (b) deposition of a second layer of silicone; (c) deposition of a sheet of paper or wax for the realization of the volume; (d) filling the

mold with another layer of silicone.

(b)

FIGURE 5: Prototypes of pneumatic muscles developed: straight fibres (a) and braided (b), also known as McKibben muscle.

TaBLE 1: Main characteristics of silicone pneumatic muscles made.

Length (mm)

External diameter (mm)

Type of pneumatic muscle . . ) . Pax (bar)  Fo.c (N)
At rest At maximum contraction At rest At maximum contraction

Straight fibres 300 217 30 91 1.5 1000

Braided 285 209 30 54 2.5 500

This type of command allows the orthosis to be activated
even when the user is sitting, avoiding the impact on the seat
that can cause traumas. The carbon fibre structure is made in
laboratories using a fibre sock, suitable for making tubular
structures with a diameter from 20 to 45 mm, impregnated
with epoxy resin through an ABS mold manufactured by
additive manufacturing. The mold is hollow and made of

two shells. To allow the correct polymerization of the fibre
inside the mold in the desired thicknesses, a rubber cylinder
was inserted and subsequently filled with pressurized air so
as to obtain an adequate thrust of the fibre against the inner
surface of the mold. During the polymerization, the vertical
arrangement was used which guaranteed the best surface
finish of the product. In Figure 6(a), one of the orthotics
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(a)

(b)

FIGURE 6: Mold shells made of ABS by additive manufacturing (a) and an impregnation step of the carbon fibre braided with the resin (b).

molds, 244 mm long, is visible, while in Figure 6(b), the resin
application on the socks of carbon fibre, after having inserted
them into the rubber cylinder, is shown.

Figure 7(a) shows the rubber cylinder coated by the socks
into the mold, while in Figure 7(b), the manufactured tube in
carbon fibre is shown and, finally, the prototype of orthosis
assembled is shown in Figure 8. The sock in carbon fibre has
a thickness of about 0.5mm and, to obtain a thickness of
about 2 mm for the structure, it was necessary to use 4 layers
of sock, at whose ends an adhesive was applied to keep the
fibres in the desired arrangement. The impregnation with the
epoxy resin takes place after the insertion of the first sock on
the rubber cylinder and continued after the insertion of each
of the following carbon fibre socks. On the inside wall of the
mold, it was necessary to apply a detaching wax to prevent
adhesion between the carbon fibre and the ABS mold. After
the mold has been closed, the cylinder has been brought to a
pressure of 1 bar and therefore kept in the oven for a thermal
cycle of 20hours at 45°C. Once the polymerization was
finished and the product was extracted, an acrylic finishing
layer was applied.

Square-shaped SPAs were made and inside which a
chamber is located to fill compressed air. The planar ge-
ometry of the SPAs can be different depending on the ap-
plication: square, rectangular, circular, semicircular, and
toroidal. The geometry of the chamber reproduces the ge-
ometry of the external shape of the actuator, but in some
cases, it may be different. Regardless of the profile of the
perimeter, the actuators are characterized by having the
nondeformable perimeter. Inside the SPA can be located a
single volume or several volumes, each with its own air
supply/discharge channel or connected to each other but
with a single air channel. Simple types of single-chamber
SPA have been designed for applications in the medical field.
A series of actuators has been installed inside a scoliosis
brace in order to apply a push action on the spine [14]. These
are SPAs with a single square-shaped chamber. The chamber
deforms unilaterally, having placed a metal plate at the other
end. The air supply/exhaust channel was obtained by means
of a common tire tube valve for bicycle use and mounted on
the side where the metal plate is present, as shown in
Figure 9.

(a) (b)

FIGURE 7: Mold of the pneumatic core coated with the impregnated
carbon fibre socks (a) and the result obtained after polymerization

(b).

The therapist using a manual bag to inflate adjusts the air
pressure for each soft pneumatic actuator. A SPA with
several chambers, each having its air supply/discharge
channel, has been designed and manufactured for the
massage device shown in Figure 10 [15].

The multichamber SPA, mounted on a structure that is
worn by the subject and which is in contact with the lumbar
segment of the spine, applies a compression action. The
intensity of this thrust is adjusted by varying the pressure
value inside the chamber. Each multichamber SPA has 6
small actuators. The actuator is deformed from one side; on
the opposite side, a metal plate is placed and the silicone air
supply/discharge channel is obtained. The massage device
consists of 8 SPAs with a total of 48 actuators. By suitably
filling the different volumes, the common massage tech-
niques used by the physiotherapist are reproduced. The
order of feeding the chambers and the pressure and the
frequency of air supply/discharge are managed by a pro-
grammable logical controller. In Figure 11, the result of the
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(a)

(®)

FIGURE 9: Square-shaped SPA (a) and application in a brace for scoliosis with the thrusts in specific points of the spine (b).

(®)

FiGure 10: Spine massage device (a) and details of the multichamber SPA and of the processing mold (b).

characterization tests carried out on the multichamber SPA
is shown. Similar technology has been used for developing
an articulated finger for a gripper device [16] and for an
active brace for the unloading of the lumbar spine [17]. The
brace is made with two rigid elements, one lower and one
upper, respectively, in contact with the iliac crests and with
the thoracic sockets. Distancing the two elements from each
other produces an unloading of the lumbar spine section.
The movement of the rigid elements is entrusted to the
actuators, interposed between them, and positioned at the
sides of the user.

The SPAs with several chambers, located on different
planes in a parallel disposition, joined together by a single air
supply/discharge channel, and made of silicone rubber
during the casting phase of the actuator, are shown in
Figure 12(a). In Figure 12(b), the prototype of the active
brace is shown, and the characteristic curve of strength F vs.
displacement Ah is shown in Figure 13.

Each multichamber SPA consists of 5 chambers of
semicircular geometry, symmetrically deformable. The
therapist using a manual bag to inflate adjusts the air
pressure value, following the medical prescription. Table 2
shows the dimensional and functional characteristics of the
realized silicone rubber SPAs.

3.2. Medical Devices. Additive manufacturing is spreading
more and more for manufacturing medical devices with the
aim of using them as customized prostheses that the single
surgeon adapts and prints for the specific patient. At present,
the critical issues are related not so much to static loads as
to cyclic loads, as was shown for load-bearing implants [18].
By using the additive manufacturing for the soft pneu-
matic actuator (SPA), the research project on a surgical
grasper has been carried out. It has the focus in the natural
orifice transluminal endoscopic surgery (NOTES) where the
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FIGURE 11: Results of characterization tests on multichamber SPA: isotonic displacement vs. pressure and isometric force vs. displacement.
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F1GURE 13: Characteristic curve of the brace built in the laboratory as strength F vs. displacement Ah at different pressure values.

abdominal cavity is reached, exploiting the natural cavities
such as the mouth, the rectum, and the vaginal conduit. The
advantage of this type of surgery is represented by the ab-
sence of scars, the reduction of the recovery time, and the
recovery of the patient. Due to the limitations of current

surgical instruments for laparoscopy, NOTES must neces-
sarily resort to robotic systems operated by the surgeon and
become natural orifice transluminal endoscopic robotic
surgery (NOTERS). In the NOTERS, collision safety can be
ensured by yielding devices that reduce the effects of the
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TABLE 2: Main features of the silicone rubber SPAs.

Field of application

Dimensions, b x hx s (mm?) Type of deformation Maximum deformation (mm) Py, (bar) Fp,,, (N)

Brace for scoliosis 80x80x10 Monolateral 40 0.6 100

Grasper 60 x40 x 10 Symmetrical 14 0.8 90
. 44 x36x9"

Massage device 104 %123 X 9** Monolateral 10 1 30

Brace for unloading the spine 128 x 88 x 6*** Symmetrical 20 0.5 800

*Dimension of the single-channel SPA; **dimension of the multichannel SPA; ***external radius x internal radius x thickness.

Actuator for the
grasper opening

v R

M

*" Ducts for air inlet/outlet

()

impact on the patient; performance depends heavily on the
interaction of the operating mechanics of the surgical in-
strument with the control system. To meet both re-
quirements, several solutions have been proposed:
decoupling the inertia of the instrument implementation
system from the inertia of its structure, by means of an elastic
transmission; the use of a pair of actuators, one of which is
used in low-frequency and the other in high-frequency
applications; the use of variable-stiffness systems [19],
which is the solution chosen for the developed prototype of
the surgical grasper presented here with the focus on the
SPA. The main technical specifications underlying the
implementation of this surgical grasper, for the type of grip
adopted, are as follows: variable stiffness, ability to exert a
maximum force equal to 11.50N, and ability to allow a
maximum displacement of the rod of the subassembly of
2.4mm. Furthermore, the outer diameter of the entire
prototype implementation subassembly must not exceed
12mm. The operating principle of the SPA is shown in
Figure 14(b). The solution developed for the implementation
of a variable-stiffness device for the miniaturized graspers
(Figure 14(a)) is pneumatic actuation by means of a SPA,
made of silicone rubber, mounted in line, and arranged in
agonist-antagonist position, as shown in Figure 15(b). The
prototype of the gasper is shown in Figure 15(a).

These circular-shaped SPAs are characterized by having
inside them an air chamber formed between two circular
silicone rubber surfaces, connected to each other along
the circumference: sending air into the chamber causes a

Connecting rod of
the plates (x4)

Actuator for the
grasper closure

()

FIGURE 14: Axonometric view of the developed surgical grasper (a) and the principle of operation of the actuation module (b).

deformation of the actuator, due to the silicone’s compli-
ance, which can occur at both the surfaces or only one,
depending on the construction mode. The agonist-antago-
nist mode of the actuator system is necessary for opening
and closing of the grasper. by acting on the air pressure
inside the chambers, it is possible to control the stiffness of
the transmission, as shown in Figure 14(b). The realization
of the SPAs has been facilitated by the use of FDM tech-
nology of additive manufacturing with different materials,
and the best results for the application have been obtained
with the ABS. The designing of the actuators was carried out
by means of numerical modelling by finite elements tech-
nique, also thanks to the know-how of the authors on the
modelling of silicone rubber SPAs. Isometric models were
simulated to derive the force developed by the actuator as a
function of the pressure, for an assigned deformation. The
optimal solution was provided by the actuator model
characterized by an external diameter of 10 mm, a diameter
of the deformable surface equal to 8 mm, and a thickness of
the deformable surface equal to 1 mm. From the analysis of
the results, it is observed that, for a typical stroke of 1.8 mm,
only one actuator is able to exert a force equal to 7N at
0.3 MPa, sufficient to close the clamp when the load is
applied to it externally with a maximum load of 3N. For
the maximum stroke of 2.4mm, the 0.3 MPa actuator
exerts a force of 6 N. In compliance with the specifications, it
was established to adopt a pair of SPAs for closing the clamp
and a single SPA for opening. The latter requires a mini-
mum of negligible force. The prototype grasper shown in



10

Journal of Healthcare Engineering

(a)

FIGURE 15: Prototype of NOTERS grasper realized (a) and view of the circular-shaped SPA (b).

Figure 15(a) was submitted to a campaign of laboratory
validation tests that gave very positive results.

4. Conclusion

This paper shows the main results of the research activities
carried out by the authors in the field of pneumatic muscles
and soft pneumatic actuators for use in active orthoses and
medical devices. In this field, a wide use was made of additive
manufacturing technology, for the realization of the molds,
and of computer-aided design tools and of the finite element
method for designing and sizing of the actuators and devices
in which they have been applied. The actuators presented are
pneumatic muscles and square-sized and circular-sized
SPAs. The latter were applied to a scoliosis brace, to a
massage device, to a spinal unloading brace, and to a surgical
grasper, the main results of which have been described in the
paper. The application of additive manufacturing in the
construction of molds for the manufacturing of the pro-
totype of lower limb orthosis in carbon fibre is also pre-
sented. The results obtained are of scientific interest, and the
applications presented demonstrate the effectiveness of
additive manufacturing technology in the field of assistive
devices and rehabilitation systems, as well as computer-
aided design and the finite element method. The research
work is in progress for some applications with the study of
other elastomers such as natural latex, which allow a better
resistance to fatigue than silicone.
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Three-dimensional (3D) printing refers to a number of manufacturing technologies that generate a physical model from digital
information. Medical 3D printing was once an ambitious pipe dream. However, time and investment made it real. Nowadays, the
3D printing technology represents a big opportunity to help pharmaceutical and medical companies to create more specific drugs,
enabling a rapid production of medical implants, and changing the way that doctors and surgeons plan procedures. Patient-
specific 3D-printed anatomical models are becoming increasingly useful tools in today’s practice of precision medicine and for
personalized treatments. In the future, 3D-printed implantable organs will probably be available, reducing the waiting lists and
increasing the number of lives saved. Additive manufacturing for healthcare is still very much a work in progress, but it is already
applied in many different ways in medical field that, already reeling under immense pressure with regards to optimal performance
and reduced costs, will stand to gain unprecedented benefits from this good-as-gold technology. The goal of this analysis is to
demonstrate by a deep research of the 3D-printing applications in medical field the usefulness and drawbacks and how powerful

technology it is.

1. Introduction

Among the different manufacturing processes that are
currently adopted by the industry, the 3D printing is an
additive technique. It is a process through which a three-
dimensional solid object, virtually of any shape, is generated
starting from a digital model. Medical 3D printing was once
an ambitious pipe dream. However, time and investment
made it real. Nowadays, the 3D printing technology rep-
resents a big opportunity to help pharmaceutical and
medical companies to create more specific drugs, enabling a
rapid production of medical implants and changing the way
that doctors and surgeons plan procedures [1]. This tech-
nology has multiple applications, and the fastest growing
innovation in the medical field has been represented by the
advent of the 3D printing itself [2]. Five technical steps are
required to finalize a printed model. They include selecting
the anatomical target area, the development of the 3D ge-
ometry through the processing of the medical images
coming from a CT/MRI scan, the optimization of the file for

the physical printing, and the appropriate selection of the 3D
printer and materials (Figure 1). This file represents the
guidance for the subsequent printing, “slicing” that digital
design model into cross sections. That “sliced” design is then
sent to a 3D printer, which manufactures the object by
starting at the base layer and building a series of layers on top
until the object is built using the raw materials that are
needed for its composition. A patient-specific model with
anatomical fidelity created from imaging dataset is finally
obtained.

In this way, the 3D printing has the potential to sig-
nificantly improve the research knowledge and the skills of
the new generation of surgeons, the relationship between
patient and surgeon [3], increasing the level of un-
derstanding of the disease involved, and the patient-specific
design of implantable devices and surgical tools [4-6] and
optimize the surgical process and cost [7]. Nowadays, dif-
ferent printing techniques and material are available in order
to better reproduce the patient anatomy. Most of the
available printing materials are rigid and therefore not
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FIGURE 1: 3D-printing workflow.

optimum for flexibility and elasticity, unlike biological tissue
[8]. Therefore, there are nowadays materials able to close the
gap between the real anatomy and the reproduced one,
especially considering the soft tissue [9, 10]. In this analysis,
an overview of the 3D printing application in medical field is
presented, highlighting the usefulness and limitations and
how it could be useful for surgeons.

2. Additive Manufacturing Technologies

The 3D-printing techniques have grown in the last decades
starting from 1986 when the first stereolithographic (SLA)
systems were introduced in practice. Seven are the technical
processes related to the 3D printing, each of which is rep-
resented by one or more commercial technologies, as shown
by the ASTM International [11]. All the processes are listed
in Table 1 that reported information about the technologies
involved, the materials used, and the medical applications
related to each process [12]. A comparison among all the
seven techniques is proposed in the same table showing the
advantages and disadvantages related to all the processes.
Each process uses specific materials with specific properties
that relate to medical applications, which are also sum-
marized in Table 1. This general information helps the users
to better choose the right technology depending on the
application needed.

These technologies and the related advantages enable the
researchers to improve existing medical applications that use
3D-printing technology and to explore new ones. The
medical goal that has been already reached is significant and
exciting, but some of the more revolutionary applications,
such as bio/organ printing, require more time to evolve [2].

3. Transformation Process and Materials Used

Materials used in 3D printing are transformed during the
production of the specific model by changing their con-
sistency. This process is named cure and can be done in
different ways: a melting of a hard filament in order to give
the desired form to the model by the material distortion,
liquid solidification for the construction of the structure and
powder solidification. All these processes require filler or
support material in lattice forms avoiding distortion of the
model while the material is being cured. The support ma-
terial can be easily removed by hand with a cutting tool;
however, there is the risk to leave impression on the surface
requiring an additional polishing in order to obtain a good-
quality printing. The risk of damaging the model, losing
details, or break the geometry is really high [23].

The correct selection of the material is directly linked
to the selection of the 3D-printing process and printer, as
well as the requirements of the model. Related to medical
application, similarly to other applications, different

anatomical structures need different mechanical properties
of the materials to fulfill the required performance of the
printed object [8]. The main distinction among the different
materials that characterize the human body is between rigid
and soft materials. Human bones are an example of rigid
tissue and ligaments or articular cartilage are examples of
soft materials. Bones are the simplest and easiest biological
tissue to be produced by 3D printing as the majority of the
materials are rigid. The materials used in 3D printing to
model the bone structure are for example acrylonitrile
butadiene styrene (ABS) [23], powder of plasters [24], and
hydroquinone [8].

Relating to soft tissues, deeper research is still needed in
order to decrease the gap between a 3D-printed anatomical
model and the human structure. Most of the 3D-printing
materials present a lack of realism to mimic adequately a soft
human biological tissue. Thus, postprocessing may be
necessary in order to soften the printed structures. Some
examples are given in the reproduction of cartilaginous
tissues [25], arteries for practicing valve replacement [26],
hepatic segment [27], and hearts [28]. An interesting ex-
ample is the development of a 3D-printed brain aneurysm
using the flexible TangoPlus™ photopolymer [29] that
represented a useful tool to plan the operative strategy in
order to treat congenital heart disease. Furthermore, some of
the materials used are urethane and rubber-like material,
mixed with a rigid photopolymer, to reasonably mimic the
artery structure due to their Shore value and elastic prop-
erties similar to the physiological one [30, 31].

For a promising future, the multimaterial composites
seem to represent a good chance for the 3D printing of
human tissues since none of the current available material is
able to fully mimic elastic and biological tissues. Multi-
material composites may be designed based on the capacity
of the selected biological material to replicate the mechanical
properties of human tissue [32]. Mechanical testing may
represent a necessary tool to analyze the biomechanical
response and validate the artificial material.

Moreover, it is also important to mention that 3D printing
allows the reproduction of implantable custom device, but still
deeper research needs to be done in order to examine the
differences between the traditional and additive manufacturing
in terms of mechanical and structural properties, especially
fatigue limit needs to be examined further [33].

4. Role of 3D Printing in Medical Field

Every year, 3D printing offers more and more applications in
the healthcare field helping to save and improve lives in ways
never imagined up to now. In fact, the 3D printing has been
used in a wide range of healthcare settings including, but not
limited to cardiothoracic surgery [34], cardiology [26],
gastroenterology [35], neurosurgery [36], oral and
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TaBLE 1: Summary of the 3D-printing process and technologies, focus on materials needed and medical applications, and comparison
among the 3D-printing technologies.
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material and a colours (i) Not always
binder. The binder (ii) Multiple . way
p
is usually in liquid materials suitable for
form and the build Powder bed and (i) Stainless steel Colour models supported structural parts
material in powder inkjet head 3D (i) Polymers: especially colour (iii};pFaster (i) The cleaning
Binder jetting [0 =1 P hesq printing (PDIH)  ABS, PA, PC pco dir}ll o (i) Difforent _©f the 3D-printing
move.s hcl)) rizontall Plaster-based 3D (iii) Ceramics: anatomg 18] binder-powder result needs time
Y printing (PP) glass Y P and increases the
along the x and y combination for . £ th
axes of the machine various time of the
. . procedure
and deposits mechanical
alternating layers of properties
the build material
and the binding
material
Fuse deposition
modelling (FDM) is
a common material (i) Dependence of
extrusion process quality on the
and is trademarked noozle radius:
by the company (i) Inexpensive bigger nozzle
Stratasys. Material . process leads to less
is drawn through a Fused deposition (i) Plastics; instrll\l/lriilrffsl and (ii) Widespread quality
Material nozzle, where it is modelling (FDM) (ii) Polymers: . ., (iii) ABS plastic (ii) Low accuracy
extrusion heated and is then  Fused filament  ABS, nylon, PC, dev1<;zst(£19],i;apld supported: good and dependence
deposited layer by  fabrication (FFF) AB P yPIng structural on the nozzle
exoskeleton [20] . .
layer. The nozzle properties and thickness
can move easily accessible  (iii) Low speed
horizontally, and a (iv) Contact
platform moves up pressure needed
and down vertically to increase quality

after each new layer
is deposited
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TaBLE 1: Continued.
Designation
additive- . Process description Technologies Materials Medical use Pros Cons
manufacturing
process
The powder bed Pog;iteerr—il:li:ed
fusion process Common métals
includes the and polvmers
following . PO
commonly used Selective laser used are
.. sintering (SLS) (i) SHS: nylon . . (i) Low speed;
printing (i) Inexpensive
techniques: direct Direct metal laser (i) DMLS, SLS, Models that (ii) Small lack of structural
ques: sintering (DMLS) ~ SLM: stainless . . properties in
metal laser ; L. require a lattice, technology: office .
Powder bed . . Selective heat steel, titanium, . . . . materials
. sintering (DMLS), . . .. medical devices size machine T .
fusion sintering (SHS) aluminium, . (ii) Limited sizes
electron beam . such as implants  (iii) Large range ...
. Selective laser cobalt chrome, . . (iii) Dependence
melting (EBM), . and fixations [21] of material .
- melting (SLM) steel . on powder grain
selective heat 8 0 &
ptions .
sintering (SHS) Electron beam (iii) EBM: size
'8 ’ melting (EBM) titanium, cobalt
selective laser chrome, stainless
melting (SLM) and steel r;laterial
selective laser aluminium an’d
sintering (SLS) copper
Sheet lamination
processes include
ultrasonic additive
manufacturing
(UAM) and . . (i) Dependence
laminated object L?nn;;nlift:cc}[u(;li)rjl ect (i) Speed on paper or
manufacturing J . Orthopaedic (ii) Inexpensive  plastic material
Sheet (LOM) Paper, plastic and
L. (LOM). The . ’ modelling of bone (iii) Ease of (ii) Need of
lamination . . Ultrasonic sheet metals . .
ultrasonic additive consolidation surfaces [22] materials postprocessing
manufacturing (UC) handling (iii) Limited
process uses sheets material range
or ribbons of metal,
which are bound
together using
ultrasonic welding
Directed energy (i) High control of

deposition (DED)
covers a range of
terminology: “Laser
engineered net
shaping, directed
light fabrication,
direct metal
deposition, 3D laser
cladding” it is a
more complex
printing process
commonly used to
repair or add
additional material
to existing
components

Direct energy
deposition

Laser metal Metals: cobalt
deposition (LMD) chrome, titanium

Limited.
Commonly used
to repair existing
parts and build
very large parts

grain structure
(ii) High-quality-
dependent on

speed
(iii) High (i) Limited range
accuracy- .
of materials;
dependent on .
(ii) Poor surface
accuracy

quality;
(iii) Wire process
is less accurate

(iv) Fast built with
rapid material
deposition
(v) Fully dense

parts; no need for

supports
(vi) Best process
for part repair

maxillofacial surgery [37], ophthalmology [38], otolaryngology
[39], orthopaedic surgery [22], plastic surgery [40], podiatry
[41], pulmonology [42], radiation oncology [43], transplant
surgery [44], urology [45], and vascular surgery [46].

Thanks to the different benefits that this technology
could induce in the field, the main direct applications of
3D printing in the medical and clinical field are as follows
[47]:
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(i) Used for personalized presurgical/treatment and

for preoperative planning. This will lead to a
multistep procedure that, integrating clinical and
imaging information, will determine the best
therapeutic option. Several studies have demon-
strated that patient-specific presurgical planning
may potentially reduce time spent in the operating
room (OR) and result in fewer complications
[48, 49]. Moreover, this may lead to reduced
postoperative stays, decreased reintervention rates,
and lower healthcare costs. The 3D-printing
technology allows to provide to the surgeon a
physical 3D model of the desired patient anatomy
that could be used to accurately plan the surgical
approach along with cross-sectional imaging or,
alternatively, modelling custom prosthetics (or
surgical tool) based on patient-specific anatomy
[50-54]. In this way, a better understanding of a
complex anatomy unique to each case is allowed
[52-56]. Furthermore, the 3D printing gives the
possibility to choose before the implantation the
size of the prostheses components with very high
accuracy [57-59].

(ii) Customize surgical tools and prostheses: the 3D

printing can be used to manufacture custom im-
plants or surgical guides and instruments. There-
fore, the customization of surgical tools and
prostheses means a reduction of cost given by the
additive manufacturing technique [52-54, 60].

(iii) Study of osteoporotic conditions: following a

pharmacological treatment, 3D printing is useful
in validating the results achieved by the patient.
This enables a more accurate estimation of pa-
tient’s bone condition and a better decision on the
surgical treatment [15].

(iv) Testing different device in specific pathways: a clear

example is the reproduction of different vascular
patterns to test the effectiveness of a cardiovascular
system used to treat peripheral and coronary artery
disease [61]. In this way, the 3D printing enables us
to quickly produce prototypes of new design
concepts or improvements to existing devices.

(v) Improving medical education: 3D-printed

patient-specific models have demonstrated that
they can increase performance and foster rapid
learning [62], while significantly ameliorating the
knowledge, management, and confidence of the
trainees regardless of the area of expertise [8].
The benefits of 3D printing in education are the
reproducibility and safety of the 3D-printed
model with respect to the cadaver dissection,
the possibility to model different physiologic and
pathologic anatomy from a huge dataset of im-
ages, and the possibility to share 3D models
among different institutions, especially with ones
that have fewer resources [63]. 3D printers that

have the capability to print with different den-
sities and colours can be used to accentuate the
anatomical details [64, 65].

(vi) Patient education: patient-centered cares makes
patient education one of the top priorities for most
healthcare providers. However, communicating
imaging reports verbally or by showing patients
their CT or MRI scans may not be effective; the
patients may not fully understand 2D images
representation of a 3D anatomy. On the contrary,
3D printing may improve the doctor-patient
communication by showing the anatomic model
directly [66, 67].

(vii) Storage of rare cases for educational purposes: this
role is closely linked to the previous one. This
allows the generation of a large dataset composed
by datasets of patients affected by rare pathologies,
allowing the training of surgeons in specific ap-
plications [52-54].

(viii) Improve the forensic practice: in the courtroom, a
3D model could be used to easily demonstrate
various anatomic abnormalities that may be dif-
ficult to jury members to understand using cross-
sectional imaging [68].

(ix) Bioprinting: the 3D printing allows also the
modelling of implantable tissue. Some examples
are the 3D printing of synthetic skin for trans-
planting to patients, who suffered burn injuries
[69]. It may also be used for testing of cosmetic,
chemical, and pharmaceutical products. Another
example is the replicating of heart valves using a
combination of cells and biomaterials to control
the valve’s stiffness [26] or the replicating of
human ears using molds filled with a gel con-
taining bovine cartilage cells suspended in col-
lagen [70].

(x) Personalized drug 3D printing: the 3D printing of
drugs consists of the printing out the powdered
drug layer to make it dissolve faster than average
pills [71]. It allows also personalization of the
patient’s needed quantity [2].

(xi) Customizing synthetic organs: the 3D printing
may represent an opportunity to save life reducing
the waiting list of patients that need trans-
plantation [72]. Bioprinted organs may also be
used in the future by pharmaceutical industries to
replace animal models for analyzing the toxicity of
new drugs [73].

Therefore, these examples clearly demonstrated that 3D
printing is one of the most disruptive technologies that have
the potential to change significantly the clinical field, im-
proving medicine and healthcare, making care affordable,
accessible, and personalized. As printers evolve, printing
biomaterials get safety regulated and the general public ac-
quires a common sense about how 3D printing works.



4.1. Lack of Regulation. The biomedical field is one of the
areas in which 3D printing has already shown its potenti-
alities and that, in not too distant future, may be one of the
key elements for the resolution of important problems re-
lated to human health that still exist.

Nowadays, despite the additive manufacturing offers a
great potential for the manufacturing, the 3D-printing
products do not have a proper legal status that defines
them, both for implantable and nonimplantable devices.
All the 3D-printed products are categorized as custom-
made device under the Regulation (EU) 2017/745 of the
European Parliament and of the Council of the 5 April 2017
[74]. They are defined as follow: “any device specifically
made in accordance with a written prescription of any
person authorized by national law by virtue of that person’s
professional qualifications which gives, under that person’s
responsibility, specific design characteristics, and is intended
for the sole use of a particular patient exclusively to meet
their individual conditions and needs”. Differently for mass-
produced devices “which need to be adapted to meet the
specific requirements of any professional user and devices
which are mass-produced by means of industrial
manufacturing processes in accordance with the written
prescriptions of any authorized person shall not be con-
sidered to be custom-made devices” [75]. Indeed, manu-
facturers of custom-made devices shall only be guaranteed
by an obligation of conformity assessment procedures
upon which the device shall be compliant with safety and
performance requirements [76]. Furthermore, the regula-
tion states that “Devices, other than custom-made or in-
vestigational devices, considered to be in conformity with the
requirements of this Regulation shall bear the CE marking of
conformity” [77]. Thus, these medical devices do not re-
quire affixation of CE markings: a significant and con-
straining procedure demonstrating the safety and the
performance of the device for the patient. Moreover, the
custom-made devices do not require the UDI System
(Unique Device Identification system) as reported in the
Article 27, Comma 1 of the regulation.

A different approach has to be applied for custom-made
implants, such as dental prostheses, that are defined as “any
device, including those that are partially or wholly absorbed,
which is intended:

(i) to be totally introduced into the human body, or

(ii) to replace an epithelial surface or the surface of the
eye,
by clinical intervention and which is intended to remain in
place after the procedure.

Any device intended to be partially introduced into the
human body by clinical intervention and intended to remain
in place after the procedure for at least 30 days shall also be
deemed to be an implantable.” [78]. The custom-made im-
plantable devices require the CE marking in order to
guarantee the safety and to be commercialized.

The EU has been working for many years on an update to
the Medical Devices Directive. This proposed legislation has
many noble attributes in addition to overcoming the gaps of
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the existing Medical Devices Directive, such as supporting
technology and science innovation, while simultaneously
strengthening patient safety. However, the current version of
the draft Regulation lacks some depth that is mandatory to
safeguard safe usage of 3D-printing technology and, thus,
enable its increasing prevalence in medicine.

4.2. Examples of Application of 3D Printing in Paediatric
Cases. Three-dimensional (3D) modelling and printing
greatly supports advances in individualized medicine and
surgery. Looking to the field of paediatrics, it is possible to
identify four main applications categories: surgical planning,
prostheses, tissue construct, and drug printing.

There are many successful cases that demonstrate the
potential of the additive manufacturing in surgical planning
in paediatric cases. In particular, most of the applications of
3D printing reported in the literature are related to the
congenital heart disease [29]. This is due to the fact that
children have a smaller chest cavity than adults, and the
surgical treatment in paediatric cases may be much more
difficult. The additive manufacturing helps the surgeons to
have more information than the only ones that imaging
technologies can afford. It helps the surgeon in the spatial
orientation inside the cavities of a small infant heart and in
simulating the surgical approach and steps of the operation
with high fidelity [79]. This leads to shorter intraoperative
time that per se has significant impact on complication rate,
blood loss, postoperative length-of-stay, and reduced costs
[80]. An example of the application of the 3D printing in the
paediatric congenital heart disease treatment is a study re-
ported in the literature based on the development of a 3D
heart model of a 15-years-old boy to improve interventional
simulation and planning in patient with aortic arch hypo-
plasia. The 3D-printed model allowed simulation of the
stenting intervention. The assessment of optimal stent po-
sition, size, and length was found to be useful for the actual
intervention in the patient. This represents one of the most
technically challenging surgical procedures which opens the
door for potential simulation applications of a 3D model in
the field of catheterization and cardiovascular interventions
[81].

Another study proposed in which the 3D printing had a
relevant role consists in a clinical preoperative evaluation on
five patients ranged from 7 months to 11 years of age affected
by a double outlet right ventricle with two well-developed
ventricles and with a remote ventricular septal defect. The
three-dimensional printed model based on the data derived
from computed tomography (CT) or magnetic resonance
(MRI) contributed to a more complete appreciation of the
intracardic anatomy, leading to a successful surgical repair
for three of the five patients. [82] Lastly, CT and MRI data
were used to construct 3D digital and anatomical models
to plan a heart transplantation surgical procedure of two
patients of 2 and 14 years old affected relatively by hypo-
plastic left heart syndrome and pulmonary atresia with a
hypoplastic right ventricle. These physical models allowed
the surgeon and the paediatric cardiologist to develop the
optimal surgical treatment during the heart transplantation
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anticipating problems that may arise during the procedure.
The specific dimensions and distances can be measured, and
heart transplantation can be planned [83].

The importance of three-dimensional printing has been
demonstrating also in other application. The additive
manufacturing in fact has been used to plan surgical
treatment of paediatric orthopaedic disorders [84]. The 3D
model of a 2-year-old male child was produced in order to
plan the surgical treatment for his multisutural craniosy-
nostosis with a history of worsening cranial deformity. Other
than the turribrachycephalic skull, the child also had greatly
raised intracranial pressure with papilledema and copper
beaten appearance of the skull. Thorough preoperative
planning enabled faster surgery and decreased anesthesia
time in a compromised patient [85].

Another study, based on 13 cases of multiplane spinal or
pelvic deformity, was developed in order to demonstrate that
the three-dimensional printing may represent a useful tool
in the surgical planning of complex paediatric spinal de-
formities treatment [86].

Changing the final goal of the additive manufacturing,
other applications cases are reported in the literature to
demonstrate the usefulness in the production of paediatric
patient-specific prostheses. An example in the literature is
given by the development of a low-cost three-dimensional
printed prosthetic hand for children with upper-limb re-
ductions using a fitting methodology that can be performed
at a distance [87]. This specific case demonstrates that the
advancements in computer-aided design (CAD) programs,
additive manufacturing, and imaging editing software offer
the possibility of designing, printing, and fitting prosthetic
hands devices overcoming the costs limitation. As a con-
sequence, the advantages of 3D-printed implants over
conventional ones are in terms of customizability and cost as
seems to be clear from the previous example. On the con-
trary, the major adversity is related to the rapid physical
growth that makes the customize prostheses outsized fre-
quently. This leads to the production of advanced techno-
logical implant that, due to their high complexity and
weight, increases cost. The additive manufacturing can be
used to fabricate rugged, light-weight, easily replaceable, and
very low-cost prostheses for children [88]. The major
prostheses lack is related to the ability to communicate with
the brain in terms of sensibility. With the advent of bio-
printing, cellular prostheses could be an interesting area of
research, which can lead to integrated prostheses in the brain
communication system, and exhibit more biomimicry with
tissue and organ functionalities [89].

Related to bioprinting, there are few applications
nowadays involved in the tissues production in regenerative
medicine. Many different tissues have been successfully
bioprinted as reported in many journal articles [90] in-
cluding bone, cartilage, skin, and even heart valves. How-
ever, the bioprinted tissues and organs are at the laboratory
level; a long way needs to be travelled to achieve successful
clinical application [91].

Last but not the least, the additive manufacturing in
terms of drug printing may also represent an innovative
technique in the production of patient-specific medicine

with regard to the composition and the dose needed by the
patients. The drug-printing introduces the concept of tailor-
made drugs in order to make drugs safer and more effective.
Especially for children, furthermore, drug-printing repre-
sents the possibility of choosing colour, shape, and design of
the medication, reducing the resistance in taking them.
Imagine a paediatrician talking to a four-year-old child who
is having trouble adjusting to taking daily doses of steroids
after being diagnosed with Duchenne muscular dystrophy
the previous month. 3D printing allows us to design in
particular shape the drug, making medicine more appealing
to the child [92]. It is amental to note that changing the
shape of a capsule does not have to lead to different dose and
drug properties, such as drug release or dissolution rate [93].

5. Conclusions

The 3D printing in medical field and design needs to think
outside the norm for changing the health care. The three
main pillars of this new technology are the ability to treat
more people where it previously was not feasible, to obtain
outcomes for patients and less time required under the direct
case of medical specialists. In few words, 3D printing
consists in “enabling doctors to treat more patients, without
sacrificing results” [94].

Therefore, like any new technology, 3D printing has
introduced many advantages and possibilities in the medical
field. Each specific case in which 3D printing has found
application shown in this analysis is a demonstration of this.
However, it must be accompanied by an updated and
current legislation in order to guarantee its correct use.
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Additive manufacturing (AM) is a disruptive technology as it pushes the frontier of manufacturing towards a new design
perspective, such as the ability to shape geometries that cannot be formed with any other traditional technique. AM has today
shown successful applications in several fields such as the biomedical sector in which it provides a relatively fast and effective way
to solve even complex medical cases. From this point of view, the purpose of this paper is to illustrate AM technologies currently
used in the medical field and their benefits along with contemporary. The review highlights differences in processes, materials, and
design of additive manufacturing techniques used in biomedical applications. Successful case studies are presented to emphasise
the potentiality of AM processes. The presented review supports improvements in materials and design for future researches in
biomedical surgeries using instruments and implants made by AM.

1. Introduction

Additive manufacturing (AM), also known as 3D printing,
is a relatively new technology that includes a large number
of processes based on the layer-by-layer strategy to fab-
ricate components. In contrast to conventional subtractive
technologies, in which the component is fabricated by
removing material from a larger raw part, using AM
techniques, the final shape of the part is obtained by adding
material one layer at a time. This approach has revolu-
tionised manufacturing, and AM is today recognised as a
pillar of the third industrial revolution. In line with the
digital era, the only information needed to create a part by
AM processes is its 3D digital model. The advantage of this
kind of approach is clearly demonstrated by the design
freedom [1]. Therefore, even 3D complex geometries can be
easily and directly transformed into an end-usable part in
only one manufacturing step without using specific tools,
moulds, or dies [2]. This kind of flexibility has attracted the
attention of many fields especially the medical one which
was the first user of AM technologies [3]. From this point of

view, what makes AM even more attractive is the possibility
to use reverse engineering (RE) methodologies to obtain
almost directly the 3D models for the production; for
instance, of customised parts which match the patient’s
anatomy. Medical images acquired by tools such as com-
puter tomography (CT) [4] or magnetic resonance imaging
(MRI) are in fact currently used for such scope. On the
other hand, since the AM processes are well known as rapid
prototyping (RP) technique, the integration between RE
and RP techniques allows the production of physical, real
3D hard copy, models of any anatomical shape for use in
surgical trial, and preoperative planning of surgery and/or
simulation [5]. This helps the surgeon to clearly understand
the clinical situation, to train, and to be more confident
during the surgery with a decrease in the operation time.
The medical field constitutes a large world to be exploited
for AM processes because no extra cost is needed for
customization, which is the most important aspect to be
considered [6]. For all of these reasons, today AM tech-
nologies play a key role in several biomedical applications
that can be resumed as follows:
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(i) Equipment [7-9] for the production of surgical
supports, instruments, and tools [10]

(ii) Physical models for visualisation [8], preoperative
planning [5], testing, and educational aims

(iii) Fabrication of customised implants for several
scopes such as prostheses [11] and devices

(iv) Biostructures for scaffolds and tissue engineering

In addition, since AM uses a digital file, the creation of a
knowledge sharing platform, which is another pillar of the
third industrial revolution, is facilitated. From this point of
view, activities have been undertaken to create online free
and open-access repositories for 3D-printable models in the
fields of biology and medicine, such as the NIH 3D print
exchange [12].

2. From Medical Data to the 3D Model for
AM Processes

The literature review aims to present and discuss in detail the
most representative AM technologies, covering the main
research areas and case studies of applications in medicine.
The AM processes present numerous features that make
them suitable for biomedical applications especially if spe-
cific materials, design, and procedure are considered.

Figure 1 shows the workflow for manufacturing cus-
tomized medical devices through AM starting from the
acquisition of the specific patient’s anatomy. In the medical
field, the discipline of reverse engineering for digital data
capture and processing can be combined with the one of
additive manufacturing for the fabrication of the customized
part directly from a 3D digital model. Three main phases can
be distinguished. The first phase is the one of reverse en-
gineering and acquisition of the patient’s anatomy to convert
it to digital data (point cloud). The second phase is the design
phase that involves computer-aided activities such as 3D
modelling with a CAD tool [13] and finite element analysis
for validation of the structural resistance of the designed part
[14]. In this phase, another benefit of AM can be exploited by
generating complex lightweight shapes such as lattices or
trabecular structures. The design parts do not have to be fully
dense, and load bearing lattice structures can be integrated
into portions of the part volume to reduce overall material
consumption and part weight in the specific case of cus-
tomised implants with an advantage for the patient’s
comfort.

The third and final phase is the manufacturing of the
customised part by means of an AM technique, including the
postprocessing operations and sterilization that are neces-
sary for the part to be compliant with the medical specifi-
cations and requirements.

3. AM Processes for Medical Applications

Nowadays, AM processes that are currently used for medical
applications can be grouped into two categories according to
the raw material: polymers and metals. Selective laser sin-
tering, stereolithography, and material extrusion are the
most common AM techniques for polymers, while laser
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FIGURE 1: Flowchart from medical data to the final part.

powder bed fusion (L-PBF) and electron beam melting
(EMB) are those for metals.

3.1. Selective Laser Sintering. Selective laser sintering (SLS) is
a powder bed technology in which a laser beam selectively
sinters thin layers (from about 60 to 100 um or more) of
thermoplastic powder. After a layer is finished, the build
table is lowered by the layer height, fresh powder is spread
over the building bed, and a new layer is defined and sin-
tered. The build chamber can be heated during the process as
well as the powder bed can be preheated before local melting
with the spot of the laser. A large range of thermoplastic
powders is today available for SLS. In the medical sector, this
technique is mostly used for the fabrication of visualisation
models, surgical tools, and customised implants. A poly-
amide guide to position the osteotomized bony fragments
during a zygomatic osteotomy has been developed by Herlin
etal. [15]. Pilot models for preoperative planning and testing
have been produced using nylon powders [16]. Mixes be-
tween oxide ceramics and a PEEK and PLC compound have
been studied by Shishkovsky and Scherbakov [17] to pro-
duce porous tissue engineering scaffolds. Scaffolds for
growing specific tissues have been also studied by several
researchers [18-25]. Most of them demonstrated the effi-
ciency to sustain cell growth by studying different structures
and postprinting functionalization. Recent overviews
[26, 27] resumed the current applications of this technology
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in tissue engineering. The potentiality of the SLS process
compared to traditional milling has been showed by Probst
et al. [28], while Pallari et al. [29] demonstrated the feasi-
bility of customised orthosis for large production.

3.2. Stereolithography. The stereolithography (SLA) process
first appeared in 1981, when the Japanese researcher Dr.
Hideo Kodama of Nagoya Municipal Industrial Research
Institute published his account of a functional rapid-
prototyping system using photopolymers. Three vyears
later, in 1984, Charles (Chuck) W. Hull made 3D-printing
history by inventing SLA and co-founding the 3D Systems
company to commercialize it. SLA is today referred to a
certain number of AM technologies in which a liquid resin is
converted into a solid part by exposing the material to a light
source which selectively activates the polymerisation of the
material. The older system utilises a vat of liquid photo-
polymer resin cured by an ultraviolet (UV) laser to create a
solid 3D model. A UV laser beam is directed by a computer-
controlled mirror onto the surface of the photopolymer resin
to draw one cross-section of the CAD model of the part.
After creating one layer, the building platform is lowered
into the vat and then the laser beam tracing process is re-
peated. Generally, a blade is used to make a smooth resin
layer. The process continues layer-by-layer until the fabri-
cation of the part is completed. Once the model is complete,
the platform rises out of the vat and the excess resin is
drained. The model is then removed from the platform and
placed in a UV oven for final curing in order to meet the
required strength of the material. Subsequently, the supports
are finally detached.

Another SLA system is known as inverted SLA because
the object is built using an upside-down approach. In this
case, the light source hits the material through the bottom of
the vat. The process starts lowering the build platform to
touch the bottom of the resin-filled vat and then moving
upward of a quantity equal to the layer thickness. The UV
laser then acts on the bottom-most layer through the
transparent vat bottom. An advantage of this kind of system
is that the build volume can be bigger than the vat itself. In
addition, since the object is incrementally raised, the resin
that is not solidified by the laser remains in the vat and can
be reused for the next layer. One similar approach is adopted
for the digital light processing (DLP) [30], another SLA
system in which the UV laser is replaced by a digital pro-
jector [31]. The projector is a digital screen which flashes a
single image of each layer across the entire platform. Since
each layer will be composed of square pixels, the resolution
of a DLP printer corresponds to the pixel size, whereas in the
SLA system, the resolution is determined by the spot size of
the laser.

Several resins have been developed over the past two
decades, and the properties of SLA parts are continuously
improving, making them not only useful as prototypes but
also as functional parts. Photopolymers lack of stability in
the long-time period. The high precision of the process, with
a layer thickness that can be adjusted from 25 to 100 um,
makes SLA suitable for producing accurate models.

The combination of medical imaging and SLA has been
used to fabricate models or moulds for the preparation of
implants in cranial surgery [29, 32], customized heart valves
[33], ear-shaped implants [34], and aortas [35]. Dental
applications are increasing [36] as well as the fabrication of
tissue engineering scaffolds [37, 38], thanks also to the
development of biodegradable macromers and resins [39].

3.3. Material Extrusion. Fused deposition modeling (FDM)
is an AM process that belongs to the material extrusion
category. This technology was developed by Scott Crump in
the late eighties of last century, and it was marketed in the
90s by Stratasys company, of which Crump was the co-
founder [40]. Stratasys holds this trade name for FDM even
if the patent expired in 2009. For this reason, the subsequent
printer manufacturers exploiting the same extrusion prin-
ciple have coined the alternative acronym of FFF (fusion
filament fabrication). FDM printers build parts layer-by-
layer using a thermoplastic filament that is heated to a
semiliquid state, extruded, and deposited on the printing bed
along with a computer-controlled path [41]. The FDM fil-
aments come in two standard sizes with a diameter of
1.75 mm or 2.85 mm. Depending on the size of the extrusion
nozzle, the layer thickness can vary from about 50 to 500 ym.
As for all AM processes, the smaller is the thickness of the
layer, the higher is the part accuracy but also the longer the
manufacturing time. Thanks to the solid material that feeds
the 3D printer, multiple extruders can be used to combine
diverse materials with different properties (e.g., rigid and
flexible) or colours in the single layer or in different layers.

Polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS) are the two thermoplastic materials most commonly
used in FDM. Lactic acid-based polymers, including PLA
and PCL, have biocompatible and biodegradable properties,
and hence are extensively used for medical and pharma-
ceutical applications. Polycarbonate-ISO (PC-ISO), in its
raw state, is compliant with ISO 10993 and USP Class VI
certifications used to establish biocompatibility. These
biocompatible materials enable manufacturers of medical
devices to rely on the FDM technique to produce devices
that can be used safely for clinical trials and for low-volume
productions of end-use parts. Polymethyl methacrylate
(PMMA) filament was used for 3D-printing of porous
patient-tailored implants for craniofacial reconstructions
and orthopedic spacers [42]. On modified FDM printers
[43, 44], the possibility to directly extrude polymeric
compounds from pellet feedstocks offers the potentiality to
extend the range of materials for biomedical applications.
However, there is no evidence of specific case studies so far.

3.4. Laser Powder Bed Fusion (L-PBF). Laser powder bed
fusion (L-PBF), also known as selective laser melting (SLM),
is an AM process that uses a high-energy density laser,
usually an ytterbium fibre laser, to fuse selected areas on a
single layer according to the processed data and create 3D
metal parts layerwise. The building process begins with
laying a fine metallic powder layer on a substrate plate in a
controlled inert environment. After selective melting, the



building platform is lowered, and a new layer is applied. The
process is repeated until the part build height is reached. The
layer thickness can vary from 15 to 150 ym. The laser beam
focus is controlled by a galvanometer, and the movement of
the beam is controlled by an F-theta lens. In L-PBF, laser
power, scanning speed, hatching distance, and layer thick-
ness are the common process parameters adjusted to op-
timize the process. These parameters affect the volumetric
energy density that is available to heat up and melt the
powders, mechanical properties, and surface roughness of
the parts produced [45]. The alloys currently available for
this process include stainless steel, cobalt chromium (Co-Cr
alloys), Ni-based alloys, aluminium (Al-Si-Mg alloys), and
titanium (Ti6Al4V alloy). Compared with the cast and
forged components, a part produced by the L-PBF process
has excellent mechanical properties, thanks to characteristics
of grain refinement, extended solid solubility, chemical
homogeneity, reduction in quantity, and size of phase
segregation [46]. However, due to the Marangoni convection
induced by high thermal capillary forces, the melt pool may
be unstable causing microstructures uncontrollability [47].
Therefore, to meet the current clinical requirements in parts
of Ti6Al4V produced by L-PBF, heat treatment is needed to
adapt the physiochemical properties and to homogenize the
metal microstructures, trying to possibly improve the
cytocompatibility in vitro.

3.5. Electron Beam Melting. Electron beam melting (EBM)
or electron powder bed fusion (E-PBF) is an AM process for
metal powders. In this case, the energy of an electron beam is
used to melt the powder, after a preheating phase of the
powder layer. The mechanic of an EBM system mixes the
hardware of a welding machine and the operating base of an
electron microscope [48]. The EBM® technology is still an
exclusive of ARCAM AB [48], which recently introduced a
specific line of machines for biomedical application such as
the Q10 plus model in which the improved beam control
allows a better definition of the spot size [49]. If compared to
the previous model (A-machines), the Q-machines have a
camera, Q-Cam, which takes a picture of each layer after the
melting phase. With the aid of image-processing software,
the machine provides a report about the final quality of the
printed parts. In this way, defects or errors can be detected
and recognised immediately, without the need for additional
part inspection after production. The EBM systems work
under vacuum to avoid the beam to be deflected by the air
molecules. Due to the vacuum and the preheating step, the
build chamber is warm during the process. Therefore, after
the process, the parts need to be cooled down. At the end of
the process, when the part is removed from the building
chamber, a soft agglomerate of powder adheres to the
surface of the built and covers it completely [50]. This ag-
glomerate is removed by sandblasting in which the same
powder of the EBM process is used in order to avoid powder
contamination. After this phase of cleaning, the unused
powder can be recycled several times without altering its
chemical composition or physical properties, because no
oxygen is present inside the building chamber during the
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melting process, thanks to the vacuum [50]. Because of the
warm environment during the process, the part shows low
residual stress as compared to laser-based L-PBF systems,
which require the postprocessing of built parts by a stress-
relieving treatment [51]. On the other hand, the L-PBF
technique offers a better surface finish, thanks to a smaller
beam size and smaller layer thickness when compared to the
EBM technology [51]. However, the surface roughness
resulting from the EBM process represents an advantage for
medical applications. In general, Ti6Al4VELI and CoCr are
the most frequently used material for medical implants
produced by EBM. Patient-customised implants with high
biocompatibility and structures with osseointegration
properties have been developed and implemented [52-58].
A significant successful example is the large-scale pro-
duction of titanium acetabular cups manufactured by two
Italian companies, Lima Ltd, and Ala Ortho Srl.

4. Conclusions

The purpose of the current review is to provide a short
summary that can give an overview of the AM applications
in the medical field even to a reader who approaches the
topic for the first time. The main features of each AM process
have been presented also by highlighting its peculiarities and
differences. Numerous references have been provided to
show applicative case studies, demonstrating the potentiality
of AM in the medical sector. A special effort was dedicated to
providing case studies which reported not only the feasibility
for large-volume production but also the indication of in-
dustries which already use additive technologies as the only
manufacturing system to fabricate their medical products.
Even if applications in the biomedical sector have been the
first for layerwise technologies almost 20years ago, this
review showed that the research is currently active and
aimed at improving the part design and extending the
number of materials available for AM, as supported by the
numerous studies.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

References

[1] I. Gibson, D. W. Rosen, and B. Stucker, Additive
Manufacturing Technologies, Springer, Berlin, Germany, 2010.

[2] N. Hopkinson and P. Dickens, “Emerging rapid
manufacturing processes,” in Rapid Manufacturing: An In-
dustrial Revolution for the Digital Age, pp. 55-80, John Wiley
& Sons, Hoboken, NJ, USA, 2006.

[3] J. Giannatsis and V. Dedoussis, “Additive fabrication tech-
nologies applied to medicine and health care: a review,” In-
ternational Journal of Advanced Manufacturing Technology,
vol. 40, no. 1-2, pp. 116-127, 2009.

[4] N. Vitkovi¢, S. Mladenovi¢, M. Trifunovi¢ et al., “Software
framework for the creation and application of personalized bone
and plate implant geometrical models,” Journal of Healthcare
Engineering, vol. 2018, Article ID 6025935, 11 pages, 2018.



Journal of Healthcare Engineering

[5] S. Singare, Q. Lian, W. Ping Wang et al., “Rapid prototyping
assisted surgery planning and custom implant design,” Rapid
Prototyping Journal, vol. 15, no. 1, pp. 19-23, 2009.

[6] E. M. Zanetti, A. Aldieri, M. Terzini et al, “Additively
manufactured custom load-bearing implantable devices:
grounds for caution,” Australasian Medical Journal, vol. 10,
no. 8, p. 694, 2017.

[7] S.R. Patel, K. Ghose, and E. N. Eskandar, “An open source 3-
D printed modular micro-drive system for acute neuro-
physiology,” PLoS One, vol. 9, no. 4, Article ID e94262, 2014.

[8] R. A. McDougal and G. M. Shepherd, “3D-printer visuali-
zation of neuron models,” Frontiers in Neuroinformatics,
vol. 9, p. 18, 2015.

[9] T. Baden, A. M. Chagas, G. Gage et al., “Open Labware: 3-D
printing your own lab equipment,” PLoS Biology, vol. 13, no. 3,
article €1002086, 2015.

[10] M. Salmi, K.-S. Paloheimo, J. Tuomi, J. Wolff, and A. Mikitie,
“Accuracy of medical models made by additive
manufacturing (rapid manufacturing),” Journal of Cranio-
Maxillofacial Surgery, vol. 41, no. 7, pp. 603-609, 2013.

[11] J. Parthasarathy and J. Parthiban, “Rapid prototyping in
custom fabrication of titanium mesh implants for large cranial
defects,” in Proceedings of RAPID, pp. 20-22, May 2008.

[12] NIH 3D Print Exchange, “Online repository for 3D-printable
models for biology and medicine,” November 2018, https://
3dprint.nih.gov/.

[13] G. Venne, G. Esau, R. T. Bicknell et al., “3D printed anatomy-
specific fixture for consistent glenoid cavity position in
shoulder simulator,” Journal of Healthcare Engineering,
vol. 2018, Article ID 2572730, 6 pages, 2018.

[14] A. Salmi, F. Calignano, M. Galati et al., “An integrated design
methodology for components produced by laser powder bed
fusion (L-PBF) process,” Virtual and Physical Prototyping,
vol. 13, no. 3, pp. 191-202, 2018.

[15] C. Herlin, M. Koppe, J.-L. Béziat, and A. Gleizal, “Rapid
prototyping in craniofacial surgery: using a positioning guide
after zygomatic osteotomy—a case report,” Journal of Cranio-
Maxillofacial Surgery, vol. 39, no. 5, pp. 376-379, 2011.

[16] E. Berry, J. M. Brown, M. Connell et al., “Preliminary ex-
perience with medical applications of rapid prototyping by
selective laser sintering,” Medical Engineering ¢ Physics,
vol. 19, no. 1, pp. 90-96, 1997.

[17] I. Shishkovsky and V. Scherbakov, “Selective laser sintering of
biopolymers with micro and nano ceramic additives for
medicine,” Physics Procedia, vol. 39, pp. 491-499, 2012.

[18] C. K. Chua, K. F. Leong, K. H. Tan, F. E. Wiria, and
C. M. Cheah, “Development of tissue scaffolds using selective
laser sintering of polyvinyl alcohol/hydroxyapatite bio-
composite for craniofacial and joint defects,” Journal of
Materials Science: Materials in Medicine, vol. 15, no. 10,
pp. 1113-1121, 2004.

[19] K. H. Tan, C. K. Chua, K. F. Leong et al., “Scaffold development
using selective laser sintering of polyetheretherketone-
hydroxyapatite biocomposite blends,” Biomaterials, vol. 24,
no. 18, pp. 3115-3123, 2003.

[20] C. Adamzyk, P. Kachel, M. Hoss et al., “Bone tissue engi-
neering using polyetherketoneketone scaffolds combined with
autologous mesenchymal stem cells in a sheep calvarial defect
model,” Journal of Cranio-Maxillofacial Surgery, vol. 44, no. 8,
pp. 985-994, 2016.

[21] H.-T. Liao, M.-Y. Lee, W.-W. Tsai, H.-C. Wang, and
W.-C. Lu, “Osteogenesis of adipose-derived stem cells on
polycaprolactone-p-tricalcium phosphate scaffold fabricated
via selective laser sintering and surface coating with collagen

type 17 Journal of Tissue Engineering and Regenerative

Medicine, vol. 10, no. 10, pp. 337-353, 2016.

S. Lohfeld, S. Cahill, V. Barron et al., “Fabrication, mechanical

and in vivo performance of polycaprolactone/tricalcium

phosphate composite scaffolds,” Acta Biomaterialia, vol. 8,

no. 9, pp. 3446-3456, 2012.

[23] W.Y.Zhou, S. H. Lee, M. Wang, W. L. Cheung, and W. Y. Ip,
“Selective laser sintering of porous tissue engineering scaffolds
from  poly(l-lactide)/carbonated  hydroxyapatite
composite microspheres,” Journal of Materials Science: Ma-
terials in Medicine, vol. 19, no. 7, pp. 2535-2540, 2008.

[24] R.L.Simpson, F. E. Wiria, A. A. Amis et al., “Development of a
95/5 poly(L-lactide-co-glycolide)/hydroxylapatite and S-trical-
cium phosphate scaffold as bone replacement material via se-
lective laser sintering,” Journal of Biomedical Materials Research
Part B: Applied Biomaterials, vol. 84, no. 1, pp. 17-25, 2008.

[25] S. Saska, L. C. Pires, M. A. Cominotte et al., “Three-
dimensional printing and in vitro evaluation of poly(3-
hydroxybutyrate) scaffolds functionalized with osteogenic
growth peptide for tissue engineering,” Materials Science and
Engineering: C, vol. 89, pp. 265-273, 2018.

[26] S. Miar, A. Shafiee, T. Guda et al., “Additive Manufacturing
for Tissue Engineering,” in 3D Printing and Biofabrication,
pp. 3-54, Springer, Berlin, Germany, 2018.

[27] A. Youssef, S. J. Hollister, and P. D. Dalton, “Additive
manufacturing of polymer melts for implantable medical
devices and scaffolds,” Biofabrication, vol. 9, no. 1, article
012002, 2017.

[28] F. A. Probst, M. Metzger, M. Ehrenfeld, and C.-P. Cornelius,
“Computer-assisted designed and manufactured procedures
facilitate the lingual application of mandible reconstruction
plates,” Journal of Oral and Maxillofacial Surgery, vol. 74,
no. 9, pp. 1879-1895, 2016.

[29] J. H. P. Pallari, K. W. Dalgarno, and J. Woodburn, “Mass
customization of foot orthoses for rheumatoid arthritis using
selective laser sintering,” IEEE Transactions on Biomedical
Engineering, vol. 57, no. 7, pp. 1750-1756, 2010.

[30] E. Fantino, A. Chiappone, I. Roppolo et al., “3D printing of
conductive complex structures with in situ generation of
silver nanoparticles,” Advanced Materials, vol. 28, no. 19,
pp. 3712-3717, 2016.

[31] R.De Santis, U. D’Amora, T. Russo et al., “3D fibre deposition
and stereolithography techniques for the design of multi-
functional nanocomposite magnetic scaffolds,” Journal of
Materials Science: Materials in Medicine, vol. 26, no. 10, p. 250,
2015.

[32] P.S.D’Urso, P. S., D. J. Earwaker et al., “Custom cranioplasty
using stereolithography and acrylic,” British Journal of Plastic
Surgery, vol. 53, no. 3, pp. 200-204, 2000.

[33] G. Wurm, B. Tomancok, K. Holl, and J. Trenkler, “Prospective
study on cranioplasty with individual carbon fiber reinforced
polymere (CFRP) implants produced by means of stereo-
lithography,” Surgical Neurology, vol. 62, no. 6, pp. 510-521,
2004.

[34] R. Sodian, M. Loebe, A. Hein et al., “Application of stereo-
lithography for scaffold fabrication for tissue engineered heart
valves,” ASAIO Journal, vol. 48, no. 1, pp. 12-16, 2002.

[35] A. Naumann, J. Aigner, R. Staudenmaier et al, “Clinical
aspects and strategy for biomaterial engineering of an auricle
based on three-dimensional stereolithography,” European
Archives of Oto-Rhino-Laryngology, vol. 260, no. 10,
pp. 568-575, 2003,

[22

nano-


https://3dprint.nih.gov/
https://3dprint.nih.gov/

[36] A. Dawood, B. M. Marti, V. Sauret-Jackson, and A. Darwood,
“3D printing in dentistry,” British Dental Journal, vol. 219,
no. 11, pp. 521-529, 2015.

[37] J. Wallace, M. O. Wang, P. Thompson et al.,, “Validating

continuous  digital light processing (cDLP) additive

manufacturing accuracy and tissue engineering utility of a

dye-initiator package,” Biofabrication, vol. 6, no. 1, article

015003, 2014.

D. Dean, J. Wallace, A. Siblani et al., “Continuous digital light

processing (cDLP): highly accurate additive manufacturing of

tissue engineered bone scaffolds,” Virtual and Physical Pro-

totyping, vol. 7, no. 1, pp. 13-24, 2012.

R. Sodian, P. Fu, C. Lueders et al., “Tissue engineering of

vascular conduits: fabrication of custom-made scaffolds using

rapid prototyping techniques,” Thoracic and Cardiovascular

Surgeon, vol. 53, no. 3, pp. 144-149, 2005.

T. Matsuda, M. Mizutani, and S. C. Arnold, “Molecular design

of photocurable liquid biodegradable copolymers. 1. Synthesis

and photocuring characteristics,” Macromolecules, vol. 33,

no. 3, pp. 795-800, 2000.

P. Minetola and M. Galati, “A challenge for enhancing the

dimensional accuracy of a low-cost 3D printer by means of

self-replicated parts,” Additive Manufacturing, vol. 22,

Pp. 256-264, 2018.

D. Espalin, K. Arcaute, D. Rodriguez, F. Medina, M. Posner,

and R. Wicker, “Fused deposition modeling of patient-specific

polymethylmethacrylate implants,” Rapid Prototyping Jour-

nal, vol. 16, no. 3, pp. 164-173, 2010.

N. Volpato, D. Kretschek, J. Foggiatto et al., “Experimental

analysis of an extrusion system for additive manufacturing

based on polymer pellets,” International Journal of Advanced

Manufacturing Technology, vol. 81, no. 9-12, pp. 1519-1531,

2015.

X. Liu, B. Chi, Z. Jiao, J. Tan, F. Liu, and W. Yang, “A large-

scale double-stage-screw 3D printer for fused deposition of

plastic pellets,” Journal of Applied Polymer Science, vol. 134,

no. 31, p. 45147, 2017.

F. Calignano, G. Cattano, and D. Manfredi, “Manufacturing

of thin wall structures in AlSi10Mg alloy by laser powder bed

fusion through process parameters,” Journal of Materials

Processing Technology, vol. 255, pp. 773-783, 2018.

F. Trevisan, F. Calignano, A. Aversa et al, “Additive

manufacturing of titanium alloys in the biomedical field: pro-

cesses, properties and applications,” Journal of Applied Bio-

materials & Functional Materials, vol. 16, no. 2, pp. 57-67, 2018.

K. Antony and N. Arivazhagan, “Studies on energy pene-

tration and Marangoni effect during laser melting process,”

Journal of Engineering Science and Technology, vol. 10, no. 4,

pp. 509-525, 2015.

[48] M. Galati and L. Tuliano, “A literature review of powder-based
electron beam melting focusing on numerical simulations,”
Additive Manufacturing, vol. 19, pp. 1-20, 2018.

[49] M. Galati, A. Snis, and L. Iuliano, “Experimental validation of

a numerical thermal model of the EBM process for Ti6Al4V,”

Computers & Mathematics with Applications, 2018.

S. Biamino, A. Penna, U. Ackelid et al., “Electron beam

melting of Ti-48A1-2Cr-2Nb alloy: microstructure and me-

chanical properties investigation,” Intermetallics, vol. 19,

no. 6, pp. 776-781, 2011.

F. Froes and B. Dutta, “The additive manufacturing (AM) of

titanium alloys,” in Advanced Materials Research, Trans Tech

Publications, Zurich, Switzerland, 2014.

O. L. A. Harrysson, O. Cansizoglu, D. J. Marcellin-Little,

D. R. Cormier, and H. A. West, “Direct metal fabrication of

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(50]

(51]

(52]

[53

(54

(55

(56

(57

(58

]

]

]

Journal of Healthcare Engineering

titanium implants with tailored materials and mechanical
properties using electron beam melting technology,” Mate-
rials Science and Engineering: C, vol. 28, no. 3, pp. 366-373,
2008.

A. Palmquist, A. Snis, L. Emanuelsson et al., “Long-term
biocompatibility and osseointegration of electron beam
melted, free-form-fabricated solid and porous titanium alloy:
experimental studies in sheep,” Journal of Biomaterials Ap-
plications, vol. 27, no. 8, pp. 1003-1016, 2013.

P. Heinl, A. Rottmair, C. Korner, and R. F. Singer, “Cellular
titanium by selective electron beam melting,” Advanced En-
gineering Materials, vol. 9, no. 5, pp. 360-364, 2007.

P. Thomsen, J. Malmstrom, L. Emanuelsson et al., “Electron
beam-melted, free-form-fabricated titanium alloy implants:
material surface characterization and early bone response in
rabbits,” Journal of Biomedical Materials Research Part B:
Applied Biomaterials, vol. 90, no. 1, pp. 35-44, 2008.

J. Parthasarathy, B. Starly, S. Raman, and A. Christensen,
“Mechanical evaluation of porous titanium (Ti6Al4V)
structures with electron beam melting (EBM),” Journal of the
Mechanical Behavior of Biomedical Materials, vol. 3, no. 3,
pp. 249-259, 2010.

O. Harrysson, B. Deaton, J. Bardin et al., “Evaluation of ti-
tanium implant components directly fabricated through
electron beam melting technology,” in Proceedings of the
Materials and Processes for Medical Devices Conference,
Boston, MA, USA, November 2005.

P. Heinl, L. Miiller, C. Korner, R. F. Singer, and F. A. Miiller,
“Cellular Ti-6Al-4V structures with interconnected macro
porosity for bone implants fabricated by selective electron
beam melting,” Acta Biomaterialia, vol. 4, no. 5, pp. 1536-
1544, 2008.



Hindawi

Journal of Healthcare Engineering
Volume 2019, Article ID 6074272, 10 pages
https://doi.org/10.1155/2019/6074272

Research Article

Hindawi

Design of Complexly Graded Structures inside Three-Dimensional
Surface Models by Assigning Volumetric Structures

Ronny Briinler
and Chokri Cherif

, Robert Hausmann, Maximilian von Miinchow, Dilbar Aibibu,

Institute of Textile Machinery and High Performance Material Technology (ITM), Technische Universitit Dresden, Hohe Str. 6,

01069 Dresden, Germany

Correspondence should be addressed to Ronny Briinler; ronny.bruenler@tu-dresden.de

Received 11 December 2018; Accepted 8 January 2019; Published 4 February 2019

Guest Editor: Saverio Maietta

Copyright © 2019 Ronny Briinler et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

An innovative approach for designing complex structures from STL-datasets based on novel software for assigning volumetric
data to surface models is reported. The software allows realizing unique complex structures using additive manufacturing
technologies. Geometric data as obtained from imaging methods, computer-aided design, or reverse engineering that exist only in
the form of surface data are converted into volumetric elements (voxels). Arbitrary machine data can be assigned to each voxel and
thereby enable implementing different materials, material morphologies, colors, porosities, etc. within given geometries. The
software features an easy-to-use graphical user interface and allows simple implementation of machine data libraries. To highlight
the potential of the modular designed software, an extrusion-based process as well as a two-tier additive manufacturing approach
for short fibers and binder process are combined to generate three-dimensional components with complex grading on the material

and structural level from STL files.

1. Introduction

Additive manufacturing technologies are based on the
layered construction of material into a finished component.
The production is carried out by solidification of

(i) Liquids or gels (curing, drying, crosslinking, etc.)
[1-9]

(ii) Powders or granules (gluing, sintering, etc.) [10-16]
or

(iii) Pasty and belt-shaped or strand-shaped materials
(direct deposition without curing processes or so-
lidification, etc.) [17-20]

The limitations for realizing parts with a complex ma-
terial composition are either found in the process charac-
teristics or in the data formats used.

Technologies using powder beds or liquid baths are limited
to a particular material or a particular material composition
which is constant throughout the entire component [21, 22].

With these methods, different materials cannot be applied
within a part, in particular not within one layer.

In the case of the open-space or layer construction
methods, it is possible to use various materials [23, 24].

However, the limitations for parts with complex material
and structural composition lie in the properties of the file
formats [25]. The most common file format in generative
production methods is the STL format (standard tessellation
language/standard triangulation language) [26-28]. In niche
applications, the AMF format (additive manufacturing
format) and the OBJ format (object format) are used as well
[29, 30].

A sphere is used to illustrate the file formats. The STL file
format provides only surface information and uses triangles,
often referred to as vertices, to represent the surfaces as shown
in Figure 1(a). In the AMF or OBJ format, the surface in-
formation can also be supplemented with properties (mate-
rial, textures, or metadata), emphasized by a red color scheme
in the triangles on the top of the sphere in Figure 1(b).
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FiGuRre 1: (a) Visualization of the surface representation of a sphere by means of triangles in the STL format [31]. (b) The same sphere in the
AMF or OBJ format that allow assigning descriptive metadata to individual triangles, shown here as red color scheme in the upper part of the

sphere.

STL files as well as AMF or OB] files represent geometric
bodies exclusively by means of surface information. Re-
gardless of whether the files are stored as surface or solid
bodies, they contain no volume data. Basically, the objects
are hollow inside and have “outer walls” that are in-
finitesimally thin. The only difference in solid bodies is the
representation of a filled body. Figure 2(a) shows a graphic
representation of the previously discussed sphere cut in half
using the software Blender (Blender Foundation). As in all
other software for editing or displaying STL files or similar
formats (Netfabb, Cura, Slic3r, and Repetier, amongst
others) as well as CAD software (FreeCAD, SolidWorks,
AutoCAD, and CATIA, amongst others), only the surface of
the structure can be addressed as it is simply impossible to
select or click on other structures than the surface triangles.
This points up the decisive limitation of all surface-based file
formats: within surface-approximated geometries, for ex-
ample, from computer tomography recordings (CT) and
magnetic resonance tomography representations (MRT) or
3D scans, property assignments cannot be implemented.

In CAD programs, however, objects that contain volume
information can be designed and stored in the AMF or OBJ
format, but again have to be regarded as individual surfaces
approximated by triangles. It is thus possible to realize
structures with grading on the material or structural level,
supposing that they are designed from scratch as the two-
color sphere in Figure 2(b).

However, assigning properties within previously defined
or given bodies as obtained from CT scans, MRI scans, or
radiographs for the determination of defect geometries in
regenerative medicine or 3D scans from reverse engineering
cannot be carried out in these programs because of the
surface-based representation and the related restrictions.
Figure 3(a) shows a CT scan of the lower spine and an STL
file derived from that scan containing geometry information
of a lumbar vertebra exhibiting a complex geometry. Sub-
stantial differences in the structural composition of the STL

file can be observed in comparison with the anatomy of a
vertebra (Figure 3(c)). The STL file features a hollow body
and shows almost no structures in the area of the spongy
bone in the center of vertebral body and infinitesimally thin
walls instead of the dense cortical bone around the spongy
bone structure. There is no software yet available to fill
certain regions with different materials or structural varia-
tions within STL, AMF, or OBJ files of parts with complex
geometry.

2. Materials and Methods

2.1. Software for Accessing the Inner Structure of Surface-Based
Bodies. In addition to surface-based file formats, bodies can
also be represented by volumetric elements (voxels). Graphic
representations of spheres in voxel format with assigned
metadata are shown in Figure 4. This approach is mostly
known from video games such as Minecraft (Mojang/
Microsoft Studios, 2009) and Blade Runner (Virgin In-
teractive, 1997) or simulations [34] to represent terrain fea-
tures and is also widely used in medical imaging formats such
as DICOM® [35, 36]. However, the voxel formats are not used
for designing implants for regenerative medicine, prosthetic
components, or 3D printing applications in reverse engi-
neering as slicer software is usually developed for STL files.
Hence, while it is possible to 3D print or display complex
geometries with different surfaces, it is not possible to realize
grading on the material or structural level inside the
structures.

To access the inner structure of surface-based bodies,
novel software for segmenting the structures into voxels and
manipulating them is developed. The software is capable of
processing STL files in ASCII format and is developed in C#
within the development environment Visual Studio Com-
munity (Microsoft Corp.). Figure 5 shows the graphical user
interface (GUI) that was created within the Windows
Presentation Foundation (WPF) framework.
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FIGURE 2: (a) Visualization of the structure of the sphere in surface-based formats that solely allow selecting and thus altering the surface
triangles. (b) Image of a sphere with two colors designed in a CAD software as a solid body.
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FIGURE 3: (a) CT scan of the lower spine showing the L3 (top), L4 (middle), and L5 (bottom) lumbar vertebrae [32]. (b) View of the STL file of
an L5 lumbar vertebra from [32] exhibiting infinitesimally thin walls and a hollow body. (c) Anatomy of the lumbar vertebrae [33].

FIGURE 4: (a) Visualization of a sphere in voxel format. (b) The same sphere with a red color scheme in the upper part of the sphere.
Descriptive metadata can be assigned to individual voxels even throughout the inner parts of the body.

After importing a file, it is automatically converted into ~ and grid size can be adjusted arbitrarily and separately. In
the AMF format and can be viewed, rotated, and zoomed in ~ default mode, the grid size matches the slicing thickness.
and out on the “AMF” tab (Figure 5(a)). The “Slice” tab as Thus, the grid subdivides the body into cubic voxels.
visualized in Figure 5(b) is used to slice the body and to Generating the slice data for a graphical representation
additionally implement a rectangular grid. Slicing thickness ~ of the contours of the body requires the consideration of



8 complexly structured scaffolds from stl
AMF Slice I

i Browse STL(ASCIT)

| Clear

Path Model: D:\Bruenler\
Path Material:

Create machine path

(a)

Journal of Healthcare Engineering

Start Slicing

Browse Material
slice thickness in mm: 1

_| Layer

Clear Fields

Path Modek: D:\Bruenler\/
Path Material:

Create machine path

(b)

FIGURE 5: Graphical user interface of the developed software: (a) “AMEF” tab with imported sphere; (b) “Slice” tab showing the midlayer of
the subdivided sphere, the input field for adjusting slicing thickness, and the scroll bar for scrolling through the single slices.

several special cases related to the surface representation by
means of triangles. During the generation of a single slice,
necessarily some triangles are cut by the section plane as evident
in Figure 6(a). In total, there are 10 cases describing the situ-
ational relations between section plane and triangles [37]. While
simple cases such as triangles located completely above or below
the section plane are easy to process, five specific cases have to
be considered more closely (Figure 6(b)):

(1) All three edges are located on the section plane
(2) Exactly two edges are located on the section plane

(3) One edge is located above, one below, and one on the
section plane

(4) One edge is located above/below the section plane
and two edges are located on the other side

(5) Exactly one edge is located on the section plane

These considered cases have a significant effect on the
calculation of the intersection points. The coordinates of
the edges of all triangles describing the edited body are
stored in a separate class (triangle class) within the soft-
ware. They are processed during slice data generation and
serve for intersection point calculation. After using a
certain coordinate for calculation, it may be erased from the
to-be-processed data. However, depending on the case and
on the ratio between slicing thickness and triangle size,
certain coordinates have to be used for the calculation of
the next layer and must not be erased. To ensure a correct
calculation, novel triangles are generated according to
Figure 7(a). The triangle (defined by a, b, and ¢ in
Figure 7(a)) he is divided into three smaller triangles using
the intersection points (P1 and P2) with the current section
plane. In the case described here, the coordinates a and b
can be erased from the triangle class, and only the triangle
defined by P1, P2 and C is used for calculating the in-
tersection points in the next layer.

After calculation of all intersection points, a polygon
course is generated automatically and displayed for each

layer in the slice tab. The software layout also allows pro-
cessing more complex bodies, such as the “test your 3D
printer! v2” file from Thingiverse (MakerBot Industries,
LLC) as illustrated in Figure 7(b) [38].

3. Results and Discussion

3.1. Assignment of Multiple Properties and g-Code to Sub-
volumes within Given Complex Geometries. The imported
body is divided into voxels by the rectangular grid imple-
mented in the “Slice” tab. Thus, all voxels are accessible by
scrolling through the single layers. These features enable
assigning arbitrary properties to every single voxel within
any given geometry.

The properties assigned to each voxel are used to gen-
erate machine-readable code. As g-code is the most common
numerical control programming language, it is used for
turther processing. Specific commands are filed by means of
a user-friendly editable .txt file. It can be adjusted depending
on the manufacturing technology used. The standard file for
extrusion-based additive manufacturing processes is shown
in Figure 8(a). It contains the material id (matid), the
number of layers necessary to fill one millimeter (fillings/
mm), the path distance (hatch), the path arrangement
(pattern), the digital output command being used to control
the extrusion nozzle (tool), the speed of the tool (speed), and
the zero position of the tool used (X-, Y-, and Z-co-
ordinates). The strand thickness can be calculated from the
“fillings/mm” column as these values are used for the travel
of the z-position to lay the strands directly on top of each
other. Thus, according to Figure 8(a), 8 fillings/mm are used
for a strand thickness of 125 ym and 4 fillings/mm are used
for 250 um strands, respectively.

The absolute positions of the voxels and the assigned
fillings, hatches, tools, patterns, speeds, and positions are
used to generate g-code commands. The black paths in
Figure 8(b) directly show the course of the generated path in
g-code. Travels in z direction are handed over from the
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FIGURE 6: (a) Slicing of a sphere with resulting cuts of the surface triangles. (b) Specific cases for situational relations between the section
plane and surface triangles during slicing [37].
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Path Material:
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FIGURE 7: (a) Method for calculating the polygon course for a graphic representation of single slices. (b) Polygon course of the base layer of a
complex 3D structure [38].

Matid |Filling (mm)| Hatch | Pattern | Tool | Speed | X | Y | Z
8 125 7z 1 200 50 | 50| 0O
8 250 77 1 200 50 | 50| 0O
4 250 7z 2 500 150 | 50 | O
4 500 7z 2 500 150 | 50 | O
(a)

FIGURE 8: (a) Standard file for extrusion-based printing with two different colored materials and different deposition patterns. The voxel size
in this figure is 1 mm and is filled in z direction with 8 red material strands (tool 1; red material; strand thickness 125 ym; traversing speed
200 mm/min; zero position of the nozzle with respect to tool installation in our machine) and 4 blue strands (tool 2; blue material; strand
thickness 250 ym; traversing speed 500 mm/min; zero position of tool #2), leading to (b) different voxel filling patterns with adjusted path
distances (hatch) for the same material used.



information provided by the “fillings/mm” column and the
slice thickness.

The file shown in Figure 8(a) leads to different material
deposition. The patterns with “matid 1” and “matid 2” are
extruded from the same nozzle (tool 1) and with the same
speed but in different path distances. For “matid 1,” the
strand thickness matches the path distance and thus fills the
voxel area in top view creating a dense structure (Figure 8(b),
top left). “Matid 2” deposits the 125 ym strands in a path
distance of 250 ym and thus exhibit filling levels of 50%. In
“matid 3” and “matid 4,” another tool is used to deposit
larger strands in different patterns.

Figure 9 shows three different structures manufactured
from the same cuboid STL file (20 mm x 20 mm X 4 mm).
Two extruding systems with nozzles 0.4 mm in diameter
(Nordson EFD) filled with different colored clay were used
to manufacture different structures within the STL file.

The left structure was manufactured with both nozzles
using the same path distance leading to a laydown of one
material (light-blue colored clay) in the inner zone and the
other material (orange colored clay) in the outer part while
both regions featuring a dense path spacing. The structure in
the middle was manufactured using solely one nozzle fol-
lowing dense path spacing in the outer part and a 0.8 mm
path spacing in the inner region leading to 50% porosity. The
structure on the right was manufactured with both nozzles
using different path distances generating a structure fea-
turing both different materials and different path spacing
and thus porosity. The different material grading, porosity
grading, or combination of both within the lattice structures
were realized within a STL file that usually solely defines the
outer geometry by making use of two extrusion nozzles.

3.2. Additive Manufacturing of Complexly Structured Lattice
Structures from Surface Models. The software is designed to
assign the information from the editable configuration file to
the voxels generated by slicing and gridding of the imported
surface based file. An easy-to-use graphical user interface
was developed to display the voxels and the boundary
curve(s) of the imported body as well as the basic properties
of the material deposition as defined in the editable .txt file.

Figure 10(a) shows the GUI of the software during
assigning materials from the standard file to one layer of the
previously discussed sphere. The standard file is displayed in
a reduced form to provide a large area for assigning the
materials and patterns.

The voxel size and overall structure size are not limited
by the software. However, the voxel size should be di-
mensioned according to the tools used. In the case of
extrusion-based processes, the strand width and the strand
spacing should be considered. An appropriate voxel size for
the extrusion nozzles used for manufacturing the structures
from Figure 9 may lead to different relative disparities in
geometries with different sizes. The comparison between
Figures 10(a) and 11(a) shows larger relative deviations in
the sphere with 9 mm in diameter and good conformity for
the life-size vertebra while using the same voxel size. The
processing time is dependent on the number of surface
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FIGURE 9: Manufacturing of material grading (left), porosity
grading (center), and material and porosity grading (right) by
means of assigning different nozzles (tool column) and strand
spacings (hatch column).

triangles of the processed structure and the hardware used.
The process of loading and processing the vertebra structure
that is defined by 34464 surface triangles into voxels took
71.6 seconds on a dual-core 2.4 GHz, 4GB RAM, 256 MB
graphics memory system and 14.5 seconds on an eight-core
3.4 GHz, 32 GB RAM, 1 GB graphics memory system, making
the software applicable on a wide range of computing systems.
Contiguous areas are processed with continuous paths by
using the zig-zag algorithm according to Figure 10(b).

To show the potential of the novel developed software,
the surface model of a human lumbar vertebra, extracted
from a CT scan and provided as STL file by MarioDiniz on
Thingiverse [32] as shown in Figure 3, is subdivided in voxels
and filled with different materials and patterns. The software
GUI in Figure 11(a) shows polylines based on the calcula-
tions presented, showing walls, remains from scanning parts
of the trabecular bones, and artefacts within the STL file.
These lines function as guidance for assigning the materials
and structures from the editable configuration file to the
part. For manufacturing the part, two extrusion-based
nozzles with a diameter of 0.4 mm (Nordson EFD) as in
Figure 9 are used. The example part features an orange
pattern with narrow strand spacing of 400 ym for the areas of
the cortical bone (compact bone) and a light-blue pattern
with a strand spacing of 800 ym, leading to a porosity of
about 50% in the areas of the cancellous bone (spongy bone)
of the vertebral body. Figure 11(b) shows the printed body
featuring a material grading (different colors) as well as a
porosity grading (strand spacing).

3.3. Combined Additive Manufacturing of Complex Fiber-Based
and Strand-Based Structures for Biomedical Applications.
The applications shown so far relate exclusively to the
production of extrusion-based structures. The adaptation of
the configuration file is used directly to automatically create
a g-code with corresponding strand spacing. The software,
which also serves as a postprocessor, also allows the use of
completely different additive manufacturing processes.

The Net Shape Nonwoven Method (NSN) is a unique
technology for the additive production of short fiber-based
structures for regenerative medicine [40]. Similar to
powder bed printing, this technology is a two-tier process.
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FiGURE 10: (a) “Slice” tab showing assigned structures from the browsed standard file within the midlayer of a 9 mm sphere. (b) Zig-zag
algorithm to create continuous paths in complex slice geometries according to [39].
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FIGURE 11: (a) GUI of the software with a large area (left) for assigning the voxel parameters from the standard file (right) with polylines
representing the section plane and a field for scrolling through the layers (upper right). (b) Printed body featuring different colors as well as
different strand spacing to demonstrate the software’s ability to generate different g-codes for different nozzles based on the part geometry

and the user’s assignments.

First, a thin fiber bed is applied, and subsequently a binder
is applied to selectively bonding the fibers together. Using
the customizable configuration file, the developed modular
software also allows the production of NSN structures. By
appropriate selection of the tools for fiber application units
(actuated by speed-controlled stepper motors) and the path
distances, either a full surface fiber application or a local
fiber application can be realized. Clearly, the width of the
fiber track depends on the fiber length used and usually
ranges from 0.5mm to 2mm. With these fiber lengths,
which can be estimated simulation-based, suitable pore

sizes and porosities for regenerative medicine can be
generated [41]. For the second process step, a piezo-
controlled adhesive nozzle is actuated. In order to
achieve precise contours and geometries, path distances of
about 200 ym are used.

Due to the flexible controlling of extrusion nozzles, fiber
application units, and adhesive nozzles, completely different
additive manufacturing processes can be combined to create
novel structures. Figure 12 shows different structures on the
basis of simple STL files into which different materials have
been inscribed.
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FiGure 12: Unique structures combining extrusion-based additive manufacturing processes with a fiber-based additive manufacturing
approach. (a) Sandwich structure, (b) core-shell-shell structure, and (c) core-shell structure, demonstrating uses in different applications.

The newly developed approach allows assigning volu-
metric structures in three-dimensional surface models. STL
files obtained from CT or MRI scans in medicine, 3D scans
from reverse engineering, CAD software, or any other sources
solely contain information of the surface of the bodies. With
existing software, assigning properties within the bodies is not
possible as only triangles on the surface area can be selected.

The hosted editable configuration file allows controlling
different extrusion nozzles, fiber application units, and a
piezo-driven adhesive nozzle (via tool column). It features
arbitrary nozzle diameters, leading to different strand
thickness or different fiber layer heights (via filling/mm
column). All materials are deposited in a z-pattern (via
pattern column) starting in the x direction in the first layer of
a voxel and subsequently changing its direction into the y
direction which ensure a crossing of the strands and thus
structural stability especially for strand deposition. The
standard file also allows setting the speed (in mm/min via the
speed column) and adjusting the tool position in the ma-
chine (in absolute XYZ coordinates (mm) in the respective
columns). The “matid” column shows a colored pattern with
dark and light colors representing the materials as well as the
porosity to simplify the material/pattern choice during
assigning the properties from the .txt file to the body.

After assigning the parameters to the voxels, a g-code can
be generated automatically by clicking the “Create machine
path” button on the lower right (see Figure 11(a)). Machine
paths of adjacent voxels featuring the same “matid” are
handed over to g-code as a continuous line and are processed
according to the zig-zag pattern shown in Figure 10(b).

The possible use of the software goes beyond the usage as
a postprocessor for extrusion-based or fiber-based additive
manufacturing as it basically allows assigning any control
commands to every single voxel:

(i) Positioning and travel commands for axes (e.g., XY
tables and XYZ tables)

(ii) On/off and/or speed commands for motors
(e.g., material feed/deposition/compaction/removal
and applying of substrates)

(iii) Setting/resetting of digital or analog outputs

(e.g., connected extruders, nozzles, heaters, coolers,
fans, and lasers)

(iv) Transfer information to other units (e.g., bus sys-
tems, direct digital controls, robot controls, dis-
plays, and user feedback)

Thus, any processing technology or application may be
implemented by customizing the spreadsheet file or
implementing other (machine-readable) codes according to
the users’ needs.

Furthermore, the voxel-based approach allows assigning
any information (e.g., materials, material morphologies,
colors, porosities, and metadata) to the imported files. The
information may be stored and used for other applications
or further processing.

4. Conclusions

The presented method allows slicing and gridding bodies
from STL or AMF files into volumetric elements (voxels) of
arbitrary size. The underlying software allows assigning dif-
ferent tools and features such as path distances, strand
thicknesses, or traveling speeds to each of these voxels. Ad-
joining voxels with equal properties are combined to sub-
volumes and may either be manufactured into structures with
material grading, porosity grading as well as combinations of
both within the different regions or be stored in AMF format
and be used in compatible software or printing technologies.

Strand-based lattice structures with grading on the ma-
terial and structural level can be designed and manufactured
within a multinozzle additive manufacturing approach and
can furthermore be combined with a two-tier process for
fiber-based additive manufacturing well suited for applica-
tions in regenerative medicine. The combination of both
approaches enables, e.g., designing press-fit applications with
flexible transition areas on the basis of geometry data from
complex defects. Furthermore, large defects affecting different
tissue types or tissue morphologies, e.g., osteochondral defects
involving bone and cartilage, may be addressed.

Data Availability

The software used to support the findings of this study is
described extensively within the article. The described
findings can be used to replicate the findings of the study.
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Furthermore, parts of the software used to support the
findings of this study are available from the corresponding
author upon request.
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In this paper, we aim at providing results concerning the application of desktop systems for rapid prototyping of medical replicas
that involve complex shapes, as, for example, folds of a colon. Medical replicas may assist preoperative planning or tutoring in
surgery to better understand the interaction among pathology and organs. Major goals of the paper concern with guiding the
digital design workflow of the replicas and understanding their final performance, according to the requirements asked by the
medics (shape accuracy, capability of seeing both inner and outer details, and support and possible interfacing with other organs).
In particular, after the analysis of these requirements, we apply digital design for colon replicas, adopting two desktop systems. The
experimental results confirm that the proposed preprocessing strategy is able to conduct to the manufacturing of colon replicas
divided in self-supporting segments, minimizing the supports during printing. This allows also to reach an acceptable level of final
quality, according to the request of having a 3D presurgery overview of the problems. These replicas are compared through reverse
engineering acquisitions made by a structured-light system, to assess the achieved shape and dimensional accuracy. Final results
demonstrate that low-cost desktop systems, coupled with proper strategy of preprocessing, may have shape deviation in the range

of +1 mm, good for physical manipulations during medical diagnosis and explanation.

1. Introduction

The prospect of manufacturing complex shape is the key
factor capable of bridging additive manufacturing (AM)
with medical applications [1]. AM represents an ideal choice
for a small-scale customized production, as the production
of patient-specific objects is. In fact, in contrary to con-
ventional manufacturing techniques, variations from the
nominal design may have a reduced impact on the AM
planning and related costs [2]. This point holds not only in
medical applications but also in all cases that need a high
level of customization, as, for example, in space applications
[3]. To date, medical researchers and clinicians have had
limited access to the process knowledge of 3D printing
technologies. Now, this is rapidly changing, and many
surgery and radiology practitioners are starting their own 3D
printing labs. The knowledge of advantages and limitations
of the various 3D printing technologies is a key factor to

accomplish successful investment and to extend 3D printing
into medical field. In the literature, many works address AM
application for medical purposes, as described in [1]. They
range different areas from preoperative models up to im-
plants and surgical tools and aids.

AM is currently applied in maxillofacial and orthopedic,
both for customized implants and tools and coronary surgery
[4, 5]. In [6], it is used for the rapid delivery of the fractured
skull model. The effectiveness of the use of this model as
a preoperative guide is shown. Time-consuming operative
actions for the reduction of fractures can be lessened if the
preoperative model of the fractured jaw is provided. In [7],
AM is used for a new approach to reduce the eye cavity
fracture. Usual procedure provides the surgeon manually
shaping metallic plates according to what he finds during the
surgery. The proposed procedure allows the fast delivery of
skull model of the patient. Based on this, an enhanced implant
is designed, allowing for better integration with neighboring
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bones. Results show an improved position of the artificial
eyeball along with a reduced surgical time, thanks to a better
surgical planning. It is also proved that the quality of the 3D
models of the skull plays a crucial role since shape inaccuracy
may give ineffective implant. In [8], geometric modeling
issues are addressed to measure and reproduce fragments of
a skull. In [9], AM has been used for getting liver models.
Based on these, surgeons get clearer ideas about possible
surgical cuts in liver transplantation operations, helping in
reducing the risk for the donors. These considerations have
been effectively and successfully implemented in liver
transplantation operations. High accuracy of the replicas is
shown by comparing them with real livers through visual
inspections and measurements taken during the operations.
Again, model accuracies are of great importance. No reliable
surgical cuts could be planned with inaccurate models. In
[10], a workflow for digital models of fetal faces is proposed to
help diagnosis of cleft lip disease and to investigate affective
effects on parents.

Among AM technologies, fused filament fabrication
(FFF) is currently the most widespread, in part due to the
expiration, in 2007, of the initial patent from Stratasys, the
company that invented the technology with the name of
fused deposition modeling (FDM). This, along with the
simplicity of the system, allowed the proliferation of several
companies providing low-cost systems, also called desktop
systems [11]. To provide a numerical example, we can just
consider that, in 2015, the ratio between expensive com-
mercial systems and low-cost desktop systems (that means
below $5000) was about 1:20. In addition to cost consid-
erations, desktop systems can be operated with major
adaptability. Selected material can be chosen among those
from different vendors. Very limited restrictions on available
setting values of the process parameters are provided. On the
contrary, this freedom does not guarantee any assurance of
quality by the vendor, as it usually happens for more ex-
pensive solutions, which are properly restricted to guarantee
component characteristics and stability in terms of material,
size, and shapes.

Desktop systems seem to be advisable for medical
replicas that can be adopted as tools for managing surgical
planning or for better understanding specific patient-related
aspects. They can be able to translate, easily and with low
costs, 2D DICOM (Digital Imaging and COmmunications in
Medicine) analysis into a physical replica (also called mock-
up [12]), helping a proper perception of actual shapes and
lengths. In [13], medical replicas of skull and mandible,
made by professional FDM systems, are investigated from
the metrological point of view. Applying the comparison
between digital models and replicas of different genders and
age, authors declare outstanding accuracy (overall absolute
average deviation of 0.24%) of FDM in comparison with
other rapid prototyping techniques. In [14], the performance
of a low cost FDM system for the delivery of 3D models of
mandibles are presented and discussed. Even though the
performances are satisfying, no discussion is presented on
the use of the system, in terms of digital design.

Multiple studies have documented that medical replicas
can be produced with spatial errors of less than 1mm
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[15-17]. Generally speaking, shape and dimensional in-
spection are relevant for medical applications due to the
necessity of

(i) classification [18]

(ii) quantification of gravity and evolution of malfor-
mations [19] and

(iif) interactions among organs and tools.

AM technology involves different sciences and almost
every aspect that has been modeled in literature [20, 21].
Nevertheless, also due to the large number of technologies,
process knowledge and robustness are not mature yet. This lack
of knowledge translates uncertainties in the manufactured
object and standard tolerance controls that are still missing,

The digital design workflow asks for a data preprocessing
that requires specific skills concerning 3D modeling from
DICOM; tessellation for slicing; and definition of process
parameters according to functional and quality requests [22].

Part of these topics asks for new oriented approaches and
solutions, since they are related to a “new” technology [23].
Although these steps are becoming common skills in the
engineering field, they are not always available in the medical
field, yet. For these reasons, this paper discusses the most
critical aspects (hardware, software, and process parameters)
to be accounted for implementing digital design of medical
replicas through desktop systems. After their presentation,
a test-case consisting of part of a colon, from sigmoid up to
the rectum, is presented. It aims at providing an experi-
mental overview of the process and a quantitative evaluation
of replicas accuracy, through experimental shape acquisi-
tions made by a structured-light system. For the experi-
mental part, two low-cost desktop systems have been applied
and compared, a Sharebot and a Tevo-Little Monster.

According to this aim, in Section 2, we present the
general workflow of digital design in the respect of final
accuracy; then, in Section 3, we discuss the requirements set
by the medical application; finally, we present and discuss
the application made and the related experimental results.

2. Digital Design Workflow and Accuracy

Regardless of a specific AM process, in a digital design
workflow, we can distinguish the following steps [24]:

(i) preprocessing that concerns with 3D model setup as
suitable STL file

(ii) CAM setup of the slicing and processing that consist
in the manufacturing of the component

(iii) postprocessing that pertains to the removal of the
component from the manufacturing table and also
the removal of the outer supports and other op-
erations necessary to guarantee final shape and
roughness (gluing of separated parts, surface fin-
ishing, etc.).

Each of these steps has its own workflow that can be
specialized according to the specific field of application. In
Figure 1, some further details have been addressed according
to application for medical replicas.
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Postprocessing

(1) DICOM elaboration

(2) Section stack-up

(3) 3D points filtering/smoothing
(4) 3D surface tessellation

(5) Check and healing

(6) Insert details

(4) Check
(5) Print

(1) Select no. of parts and slicing directions
(2) Define supports and filling

(3) Define process parameters

(1) Remove from basement
(2) Remove supports

(3) Smooth surfaces and glue

(i) Staircase effect due to slicing
i i (i) Local inaccuracy due to
AP NG e o (ii) Shape variations due to cooling and support/filling ratilies
(ii) Filtering/smoothing . .. i X
(iii) Local defects due to process parameters (i) Joint with glue
\_ Sources of error )

F1GUrEe 1: Digital design workflow for medical replicas and related sources of error.

The preprocessing starts from the capture of the area of
interest from the medical imaging (DICOM). They can be
obtained from different technologies, such as computed
tomography (CT), positron emission tomography (PET),
X-ray, ultrasound, etc. DICOM images are bidimensional
images of transversal sections of the body. These sections are
generally taken with a much variable range of steps (we have
assumed steps of 3 mm, that represent, in our specific case,
a good compromise between time consumption and accu-
racy for wide areas scanning). They have to be processed by
segmentation to isolate the area of interest from the rest of
body’s sections. Then, the set of sections that pertain to the
volume of interest (e.g., part of an organ) are stacked up to
obtain the 3D cloud of points, filtered, and/or smoothed so
that a suitable tessellation of the 3D model can be achieved.
In the majority of cases, especially with X-ray, specific al-
gorithms have to be employed [25]. Errors, during this step,
may be wrong segmentation due to misclassified pixels; lack
of accuracy due to larger scan step; and 3D cloud of points
with holes, thus inaccurate tessellation. It has to be checked
according to regularity (no intersecting or non-manifold
triangles should be present) and integrity. If not, proper
healing functions has to be applied, such as optimization of
shape triangles and filling of holes. Absence of this step may
result in the incorrectly manufactured objects, or error break
of the AM process [2]. After the check, a modeling step can
be taken into account if specific functionalities must be
provided, for example, the capability of open part of the
organ for inner inspection.

CAM setup and processing (CAM) includes slicing that
pertains to the selection of the layer direction and the sub-
division of the 3D model into a set of sections, called slices, one
over the other. In this step, also the necessity of splitting the
replica into parts must to be evaluated. It can be due to the
presence of opened details, which allow inspection or visibility,
or due to other manufacturing constraints (e.g., volume of the
printing camera). The result of the slicing is an approximated
3D object, given by the stacking of the 2D slices. The height of
these is equal to the user-defined layer-thickness parameter.
External surfaces not aligned with the vertical direction will
inevitably exhibit the so-called staircase effect. Layer thickness
influences this approximation. Normal orientation of the

slicing represents the orientation of the process. It also has
effects on the necessity of infill and supports, to avoid collapse
of undercuts or unsupported slices not solidified yet. Supports
reduce the final quality of the surfaces and ask for post-
processing work, to remove them carefully.

Concerning the definition of the process parameters, it is
related to the adopted technology. FFF allows to manu-
facture the slices by extruding fused polymeric filament
through a nozzle. Commonly adopted materials are acry-
lonitrile butadiene styrene (ABS) and polylactic acid (PLA),
in the form of loose filament coil. They represent not-
expensive solutions, mainly for rapid prototyping [2, 26].
As fundamental component of any FFF hardware, the lig-
uefier nozzle (generally with diameters from 0.2 to 2 mm)
allows to melt the filament by reaching the related tem-
peratures (in the range of 100°-200°C, for ABS and PLA).
Once liquefied, the polymer pours out through the nozzle,
thanks to the pressure applied to the solid filament. It is
pushed by the pinch rollers mechanism. The polymer is
deposited on a printing plate or on a previously built layer.
Polymer melt solidifies as heat is lost to the surrounding
environment. The head through which material is poured
out can move all along the printing bed plane, i.e., x-y di-
rections, as this can be moved independently along height
direction (z direction). Through this mechanism, a 3D object
can be printed. For a deeper discussion of the process, along
with state-of-the-art science modeling, the reader can refer
to review papers [20, 21]. One of the major drawbacks of this
setup is related to the temperature gradients during de-
positions. If they occur suddenly, not uniform cooling
conditions may arise inside the manufactured part and thus
residual stresses may occur (shrinkage). To reduce shrink-
age, chamber temperature should be guaranteed. For
desktop systems, which commonly do not have a closed and
controlled chamber, a heated printing plate may help to
achieve better conditions. In addition, a correction factor
may be applied during the CAM preprocessing to com-
pensate shrinkage, as a function of the selected material.
Other problems that may affect this process are the con-
ditions of filament extrusion at the nozzle. The layer
thickness may be not uniform and stable at the nominal
value. It can change due to problems with the mechanism of



the material supply vector up to the nozzle, or due to
friction-thermal discontinuities in the nozzle. These aspects
may be of utmost importance for desktop systems, since they
are not guaranteed or optimized in respect of all the process
variables, as it happens for commercial systems [27-29].

Concerning the postprocessing step, it is necessary to
remove the part from the manufacturing platform and
possible supports that surround it. Surface finishing can be
improved by proper operations, so that residual of the
supports and staircase discontinuities are improved. They
can be mechanical operation or low-cost chemical solutions
such as acetone vapor bath. Chemical solutions provide to be
very effective [30], but they are only applicable to certain
materials. Acetone vapor bath, for example, does not work
with polylactic acid (PLA).

3. Digital Design Requirements for
Medical Replicas

Surgeons use tangible life-sized models of individual anat-
omy for preoperative planning, explanation of the procedure
to the patient, and, as a reference, during the surgical
procedure. 3D printing offers advantages over conventional
manufacturing technologies. Personalized single models can
be created, as needed in a clinical setting, with relatively low
cost in a fairly short time frame. Medical requirements for
the digital design can be summarized as follows:

(1) Area of interest:

(i) Selection of a single organ/fragment or more
than one organ

(ii) Position of the interesting areas (inner area,
outer area, and both inner and outer areas)

(2) Providing pins and positioning elements for
exhibition:

(i) For mounting parts among them
(ii) For opening/closing interesting areas

(3) Good dimension and shape accuracy

These requirements constraint the preprocessing and the
CAM steps as depicted in Figure 2.

More in detail, the first requirement directly derives
from DICOM segmentation, and it may have consequences
on the material selections (if multiple organs are replicated,
multiple materials/colors may be selected [9]). Presence of
details inside the organ asks for a replica that has to be
opened. It impacts the replica modeling step, asking for (a)
modeling the separation of the part in coincident fragments;
and (b) modeling the closing pins.

The necessity of parts that have to be opened impacts also
the manufacturing step, since in case of complex shapes, it
usually asks for supports during slicing. For fast prototyping,
supports have to be minimized to avoid postprocessing
problems. As a consequence, the shape of the surface to be
opened is defined through a criterion that provides a trade-
off between the maximization of the inner area dimensions,
for visibility and maneuverability, and the minimization of
supports, for finishing and aesthetics.
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The second requirement (providing pins and positioning
elements for exhibition) asks for adding surface details to be
embedded in the tessellation of the interesting area, or
external volume to be built to maintain the replica fixed. In
any case, it may introduce local modification of the model
with consequences on the process setup. Positioning ele-
ments may be also designed separately from the replicas.

Complex shapes of medical replicas are typical free-form
surfaces, characterized by curvatures in different directions
and curvilinear axes. In the colon case, no transversal section
is equal to any of the others in terms of lengths and mor-
phology (Figure 3).

To guarantee accuracy, the most stringent
manufacturing constraint becomes the reduction of sup-
ports. Supports must be removed mechanically, and this
would inevitably end up in corrupting the quality of the
surface where the two structures mate [2]. In addition,
mechanical action may induce cracks [31], hidden below
a roughly defined surface. To avoid these problems, it is
necessary that a subdivision of the axis in linear segments is
made, so that each subpart may have proper slicing ori-
entation, suitable for minimizing both staircase effect and
request of supports. Figure 4 shows this concept applied to
a segment of the colon shown in Figure 3.

In Figure 4(a), its slicing (green) is simulated along the
direction able to minimize the supports’ height and the
difficulties in their removal. In Figure 4(b), although sup-
ports are more concentrated, their heights are more relevant
and protruded inside the folds, so that major difficulties may
arise during removal. Obviously, in case of solution in
Figure 4(a), the small area of the replica connected to the
supports will be affected of bad finishing after their removal.
However, in Figure 4(a) solution, postprocessing operations,
in order to improve finishing, can be done more easily than
in Figure 4(b) case.

To obtain a better surface accuracy, a longitudinal cut that
breaks each segment in two parts can be defined. In this case,
a proper slicing orientation means looking for the section
plane, along the central axis of the considered segment, which
includes the projection of the overall semivolume of the
segment. By doing so, the segment will be subdivided in two
subparts with minimum height and maximum in-plane
surface so that the volume will be self-supporting. In this
case, the division will ask for gluing the parts after the process,
but it avoids rough surfaces and the necessity of post-
processing, factors that may reduce shape and dimension
accuracy. The test case described in the following sections will
apply this solution, to minimize postprocessing efforts. Fi-
nally, Figure 5 summarizes the concepts behind this reasoning
in terms of source of error and efforts necessary in the CAM
step of the digital design workflow.

4. Application

4.1. Test-Case Description. The proposed workflow has been
applied to evaluate replicas of part of a colon and its final
rectum (Figure 3). In the latter, abnormal growths and
polyps are internally and externally visible. This justifies two
different manufacturing strategies. As there is no interest in
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Preprocessing

(1) DICOM elaboration How many components?
(2) Section stack-up

(3) 3D points filtering/smoothing
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FIGURE 2: Details of the preprocessing substeps for medical replicas.
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FI1GURE 3: 3D model of a descendent/sigmoid colon and rectum after DICOM segmentation and 3D point surface reconstruction.

(a) (b)

FIGURE 4: (a) Slicing simulation according to optimal direction to minimize height of the supports. (b) Slicing simulation in a different
orientation.
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Figure 5: Constraints to CAM step in the digital design workflow for medical replicas.



representing the internal part of the colon, this will be built as
a dense part. Conversely, the final rectum will be built as
a hollow part, with attention given to the polyps and abnormal
growths. Their shape and position, together with the specific
shape of the colon folds, are fundamental for surgeons, and,
ultimately, they justify the manufacture of the medical replica.
Parts have been replicated through two different desktop
systems: a Sharebot and a Tevo-Little Monster, from now on,
respectively, called DS#1 and DS#2. Table 1 shows an overview
of their declared plate values.

More in detail, the sigmoid colon has been replicated by
DS#1 and DS#2, while the final rectum has been printed by
DS#2. Figure 6 shows the final replicas, red parts are related
to DS#1 and brown to DS#2.

Adopted material, in both cases, is PLA. For DS#1, se-
lected parameters are layer height of 0.15mm, with the
exception of the first layer (0.30 mm), starting from a fila-
ment diameter of 1.75 mm. Temperature at the nozzle was
230°C, at the plate 60°C. We choose to follow the shape for 3
perimeters in each layer, and then, fill the inner part through
a honeycomb 2D structure, extruded in Z direction. For
DS#2, filament diameter was 1.75 mm with layer height of
0.16 mm. Temperature at the nozzle was 230°C, at the plate
80°C. External perimeters were made at 40 mm/s of speed,
otherwise it was higher, up to 650 mm/s for nonprintable
areas. In this case, we choose to follow the shape for 4
perimeters in each layer, and then, fill, as previously, the
inner part through a honeycomb 2D structure, extruded in Z
direction. The honeycomb fill pattern has been chosen with
a density of 15%. Supports are the same in both cases.

To assess the quality of the replicas, measurements have
been made and compared with the 3D model. They have
been carried out both through caliber and reverse engi-
neering acquisitions, made by a structured-light commercial
system (Scan in a Box-FX) that declares accuracy of 0.04 mm
with a minimum resolution of 0.062 mm.

4.2. Preprocessing and Manufacturing. As said in Section 3,
good accuracy can be obtained by reducing the outer supports
and minimizing the number of single fragments. Subdivision
in fragments is mainly due to the complexity of the shape, that
have different planes of maximum envelop surface projection,
along its axis. In addition, the subdivision procedure is
necessary due to the usage of very simple desktop systems,
with one single nozzle. Thus, the component to be printed and
the supports, if present, must be of the same material. Due to
this, the mechanical removal of supports may cause, also,
fractures and breaks in the component. Otherwise, if more
than one nozzle is available in the system, other removal
techniques and procedures can be developed.

Figure 7 shows, with different colors, the final fragment
subdivision of the test-case. The obtained 5 segments, four for
the sigmoid colon and the last one for the rectal ampulla, are the
result of the localization of the medial axis and the segmentation
into parts that can be built minimizing outer supports.

The four colon’s segments have been separated again in
two parts. This limits inaccuracies on the external surfaces,
providing a planar contact area with the printing plate, not
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involving the external surface. In addition, the cutting planes
have been selected as the plane that maximizes the normal
projection of the envelop area of the part. In this way, im-
posing also a slicing orientation orthogonal to the cutting
plane, we are able to minimize or completely avoid undercuts,
especially in folds, leading to the minimization of supports.

Figure 8 shows details of the subdivision in two parts of
the first fragment of the colon at the top of the 3D model. Itis
clearly shown that, in this case, no supports are necessary,
considering the inner volume filled by infill structure.
Figure 7(b) shows the subdivisions adopted for the final
segment related to the rectum. In contrary to the colon
fragments that are bulked, they are related to a thin-wall
volume that has to be opened for inner inspection. As
a consequence of their free-form shape, supports are nec-
essary to avoid collapse of the inner surfaces with maximum
heights from the base and of the prominent details of section,
as shown in Figure 9. Also in this case, cutting plane has been
found to minimize heights and thus supports, together with
the necessity of opening a specific volume, according to the
inner area of interest that has to be shown.

Axis analysis, fragment subdivision, and slicing orientation
have been made in a CAD environment interactively. Opti-
mization concerning the minimization of the supports has
been iteratively checking the added volume of the supports.

5. Experimental Results and Discussion

All the planned parts resulted in a successful outcome. A
quantitative comparison of the AM replicas with the tes-
sellation obtained from the DICOM has been obtained by
some reverse engineering acquisitions. They are related to
the first segment in the upper part of the colon. Due to the
possible light reflection on the acquired surfaces, during the
acquisition with the structured-light system, the segments
were covered with powder. Each segment was acquired in
multiple views, aligned via embedded software (IDEA)
through best fitting. After this, the cloud of points were
superimposed to the 3D model and measured via distance
analysis. Acquisitions consists of more than 480 x 10° points
that have been analyzed after a selective filtering, based on
curvature analysis, which left about 91 x 10> points.

Figure 10 shows the results in terms of color maps. In
both cases, the deviation range is less than +1 mm. Specif-
ically, more than the 95% of points, in each case, are included
between +0.48 mm and —0.40 mm. Both in DS#1 and DS#2,
the mean deviation is quite close to zero, showing a little
negative value (—0.04 mm). Due to this, the shrinkage can be
assumed as controlled, even though it is present in blue
restricted areas (small entity). This result is consistent with
that already found in the literature (value of deviation less
than 0.1 mm is defined as absence or controlled shrinkage)
[13].

Staircase effect and filament thickness cannot be seen
due to the limit of the adopted system; otherwise, along the
contour of the glued parts, the discontinuity is clearly shown
in DS#2 (Figure 10(b)). While in case of DS#1, the systematic
position of the blue areas together with the small values of
mean deviation was achieved, let us say that this trend could
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TaBLE 1: Adopted desktop systems: declared plate values.

Desktop system DS#1 Desktop system DS#2
Model Sharebot Tevo-Little Monster
Printing size 250 mm X 220 mm X 200 mm 340 mm X 340 mm X 500 mm
Material PLA-S, nylon-carbon, thermoplastic polyurethane ABS, flexible PLA, HIPS, nylon, PVA
Minimum layer thickness 0.05 mm 0.05mm up to 0.4 mm
Heated printing plate maximum temperature 90°C 80°C

20 21 22 23

(a) (b)

FIGURE 6: DS#1 final replicas (red) and DS#2 final replicas (brown): (a) final assembled models; (b) replications of the first segment of the

sigmoid colon.
(a) (b)

FIGURE 7: 3D model subdivision (one color per manufactured part): (a) spine subdivision in segments; (b) rectum subdivision to see the
inner surfaces (part to be opened (represented in green)).

be dependent on possible inaccuracies during alignment or ~ has been performed. It confirms an averaged value of 1 mm,

acquisition than on the presence of shrinkage or error  equal to that imposed in the digital design.

during the manufacturing process. These experimental evidences confirm that good shape
Concerning the rectum ampulla segment, the one that  accuracy can be reached adopting low-cost desktop systems,

can be opened, a thickness evaluation, made by the caliber,  also for very complex free-form shapes.
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FIGURE 8: First colon segment: (a) model subdivision into two parts and (b, c) related slicing simulations.

(b)

FIGURE 9: Rectum segment: (a) slicing of the part connected to the colon; (b) slicing of the part to be opened.

Taking care of minimizing support presence and
avoiding severe cooling conditions of the material
(e.g., increasing speed of the deposition of the external
surfaces) have allowed to obtain good replicas of all the
segments, without the necessity of surface postprocessing.
On the contrary, the necessity of gluing the single parts
cannot be reduced. Nevertheless, as shown through the
experimental results, it induces errors less than 1 mm.

6. Conclusions

In this paper, the digital design workflow of medical replicas has
been analyzed and applied to reproduce a large part of the colon.
Two low-cost desktop systems, a Sharebot and a Tevo-Little
Monster, have been adopted to achieve replicas, made of PLA.

The digital preprocessing of the DICOM data has been
approached according to the requirements of (a) making the
replica partially opened, and (b) limiting surface postprocessing
due to support removal. The opened area is the rectum one,
which has been obtained as a thin-walled segment, with one
removable shell. The other segments, instead, are filled in by
honeycomb fill-in at 15%.

Due to the complex free-form surfaces, avoiding or limiting
surface postprocessing mainly means minimizing the presence
of supports and thus, optimizing the slicing directions.
According to this, the central axis of the overall surface has
been divided into 5 segments, suitable for reproducing the

related surfaces with the optimal slicing direction. The opti-
mality is found looking for a plane that passes through the
central axis of the segment and that is able to define two self-
supporting volumes, so that local supports of the complex
surfaces on the printing table are avoided. In order to guarantee
visibility and accessibility to its inner surface, the fifth segment
(related to the rectum) has to be provided as a thinned volume,
so that some supports should be necessarily present.

This preprocessing step represents the most consuming
part of the workflow, and although the cutting planes may be
provided automatically, the overall evaluation of how many
segments must be used for the division is, currently, still
a manual step, based on integrated product-process skills.

After achieving all the replicas of the segments, they were
glued together. The final shapes of the first colon segments,
opposite to the rectum, have been digital acquired by
a structured-light system. The deviation analysis from the
experimental results shows shape errors lower than 1 mm, with
more than the 95% of experimental points with errors less than
0.5 mm. Point’s statistical distribution shows absence (or high
limitation) of shrinkage effects, with an almost symmetrical
distribution of the deviation (mean value smaller than 0.1 mm).

To conclude, this paper shows that desktop systems can be
used as fast solutions for medical replicas, demonstrating
a good level of accuracy in complex shape reproduction. In
terms of easiness of workflow, geometrical design criteria have
been defined to guarantee surface finishing through the
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Doviation DS#1

91246 points (100.00%)
Pos max dev = 0.96 mm
Nag max dev = -0.60mm
Mean dev = -0.04mm
Std dev = 0.13mm
Pos mean dev = -0.09 mm
Neg mean dev = -0.12mm

0.96 mm
0.13%
0.48 mm
38.62%
0.00mm
58.30%
-0.30mm
2.95%
-0.60mm

Doviation DS#2

91581 points (100.00%)
Pos max dev = 0.84 mm
Nag max dev = -0.79mm
Mean dev = -0.04mm
Std dev = 0.19mm

Pos mean dev = 0.12mm
Neg mean dev = 0.17mm

0.84mm
0.48%
0.42mm
44.00%
0.00 mm
51.66%
-0.40mm
3.85%
-0.79mm

(b)

FIGURE 10: Experimental results related deviation analysis between 3D model and acquired replicas: (a) DS#1; (b) DS#2.

reduction of supports, minimizing the postprocessing
efforts. Nevertheless, without a proper automation of the
processing of the 3D model to set the segments, pre-
processing still represents the bottleneck for medical au-
tonomous applications without added skills from the
engineering field. As future work, algorithms to provide
the automation of the process will be analyzed and de-
veloped. In addition, the research will be moved to the
possibility of generalization and reapplication on other
different kinds of organs.
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gia con Design Lab Dip. PDTA di Architettura” and (iv)
Grant “SAPIENZA” University no. RM116154CE2CB985,
2016, “Tecniche innovative di progettazione orientata
alladditive manufacturing per i settori meccanico-
aerospaziale e biomedicale.”
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Purpose. Fixation methods for consistent anatomical structure positioning in biomechanical testing can be challenging. Image-
based 3D printing is an attractive method for fabrication of biomechanical supports of anatomical structure due to its ability to
precisely locate anatomical features with respect to the loading system. Method. A case study is presented to provide a design guide
for fixation block fabrication. The anatomy of interest was CT scanned and reconstructed in 3D. The model was imported into
commercially available CAD software and modified into a solid object and to create the fixture block. The CAD fixture block is
standardized such that anatomical features are always in the same position for the testing system by subtracting the anatomy from
a base fixture block. Results. This method allowed a strong immobilization of anatomical specimens and a controlled and
consistent positioning feature with respect to the testing system. Furthermore, the fixture block can be easily modified and adapted
to anatomical structures of interest using CAD software. Conclusion. This approach allows preservation of the bony anatomy
integrity and provides a repeatable and consistent anatomical positioning with respect to the testing system. It can be adapted for

other anatomical structures in various other biomechanical settings.

1. Background

The aging population is putting increased demands on
health care. Age-related diseases like osteoarthritis are on
the rise, underlining the need for increased research in
various areas of orthopaedics, including joint biomechanics
[1, 2]. This research field encompasses kinematic studies,
mechanical testing of implants, and joint simulator
development.

In a previous study, we found that additive-
manufacturing, also known as fused deposition modeling
or 3D printing, could produce bone models derived from CT
imaging with an accuracy of less than half a millimeter [3].
This additive-manufacturing technology has also been
highly useful in producing bony anatomical structures of
complex shapes in preoperative planning [4-6]. It also al-
lows the design and manufacture of complex shapes derived
from the patient’s anatomy, such as surgical drill-guides that

fit the patient’s bony anatomy surface for placing a pros-
thetic device with respect to the preoperative plan [7].
However, the use of these systems in surgical applications
must also account for material properties such as strength
and modulus [8, 9].

Anatomical support in biomechanical testing is intended
to provide stabilization of the studied anatomy while ex-
ternal loads are applied. Immobilization and mounting
techniques include potting with diverse materials, custom-
designed fixtures [10], clamping, and direct fixturing using
a variety of bearings and fasteners [11]. These methods,
although robust, are challenging to apply and to ensure there
is no loss of immobilization. Furthermore, the locations of
specific anatomical features are challenging to align with
respect to the fixture in 3D. As such, the use of custom-
designed supports using additive manufacturing is attractive
for the fabrication of biomechanical supports following the
principles used in machine fixtures used in manufacturing


mailto:gabriel.venne@mcgill.ca
http://orcid.org/0000-0003-1587-2154
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/2572730

applications. The purpose of this communication is to de-
scribe a standard procedure for 3D printing anatomy-
specific support models in a variety of applications and to
provide a design guide using a case study for a specific
application to a complex fixture for the shoulder.

2. Overview

An anatomy-specific support is a structure in which the
3D-reconstructed anatomy of the region of interest has
been subtracted to form a structural negative mold, termed
a fixation block. The raw data of the specimen can be
provided using medical imaging, 3D scanning, or other
systems that can produce a 3D model. A reconstructed
model is produced using image segmentation and pro-
cessing software to isolate the anatomical region of interest.
This model is then imported into computer-aided design
(CAD) software and subtracted to form the support. Fi-
nally, the anatomy-specific support is printed in 3D.

2.1. Image Acquisition. The desired cadaveric anatomy was
CT scanned at a high resolution using a 16-slice mobile
gantry CT scanner (Lightspeed+XCR, General Electric,
Milwaukee, WI, USA) using a slice thickness of 0.625 mm.
The datasets were exported in Digital Imaging and
Communications in Medicine (DICOM) file format.

2.2. 3D-CT Reconstruction. DICOM files were imported
into commercial software (Mimics 15.0, Materialise,
Leuven, Belgium) to segment the desired 2D-CT scan
anatomy into a 3D-CT reconstructed model. A mask of the
target anatomy was created using embedded bone
thresholding settings. The mask was inspected in each of
the three planes 2D-CT coordinates and edited to ensure
accuracy of the anatomy representation. The 3D-CT re-
construction model was then constructed from the 2D-CT
mask, and then exported as a stereolithography (x.stl) file.

2.3. CAD of the Fixation Block. The 3D-CT reconstructed
models in s.stl format were imported into commercially
available software (SolidWorks™, Dassault Systémes
Waltham, MA). This permits the construction of a support
by first defining an outer block and then subtracting the
3D-CT reconstructed model from the support.

2.4. Additive Manufacturing of the Fixation Block. The
anatomic-specific support CAD model was digitally
inspected and exported as a s.stl format to be 3D printed
using additive manufacturing (Dimension SSt 1200es,
Stratasys, Eden Prairie, USA). The anatomic-specific
support was printed in Acrylonitrile Butadiene Sytrene
(ABS) thermoplastic with a printer resolution of
0.254 mm. The model was finally cleaned of any printing-
support material from the printer, inspected for any
printing error and finally tested on the studied anatomy.
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3. Case Study: Scapular Fixture for
Shoulder Simulator

A system was previously designed to study the biomechanics
of shoulder arthroplasty [12]. The scapula is fixed to a frame
and cables used to represent the anterior, middle, and
posterior heads of the deltoid. The cables are attached
through ball joints to insertion points on the humerus and
routed through pulleys to electric linear actuators. Inline
load cells are used to measure force in each cable. Critical to
this system is the location of muscle insertion and wrapping
points determined from anatomical studies. As such, the use
of an image-based reference frame enabled the positioning
of the scapula with respect to the cable actuators that has
distinct advantages compared to other fixation techniques.
Specifically, the method reduces the effect that anatomical
variations have on the positioning of deltoid and rotator cuff
muscle origins relative to the centroid of the glenoid. By
preserving the scapular anatomy, CAD models can be easily
modified and reprinted, and the fixture can be removed
without altering the anatomical structure.

3.1. Importing Files. Most scanners produce a surface, an
infinitesimally thin sheet that covers the entire object. Before
any CAD modifications can be done to a model, it must be
converted into a solid file, such as a SolidWorks™ part file.
This is not always straightforward, and SolidWorks™ has
a KNIT tool that completes the surface and then attempts to
fill it in, but this occasionally requires manual intervention.

3.2. Glenoid Cavity Centroid. When thex.stl file has been
successfully converted to a solid model file, the centroid of
the glenoid cavity must be found to define reference planes
(Figure 1). First, using CAD software, a face plane is defined
that rests on the three most distal vertices of the glenoid
cavity and must not intersect any part of the glenoid except
those three points. The glenoid cavity is assumed to be
a sphere, and its centroid is used in combination with the
face plane for reference and measurement.

(a) There is a rim on the glenoid cavity that constrains
superior motion of the shoulder. On the face plane,
trace a circle that circumscribes the rim, with radius, a.

(b) Find the normal distance between the face plane and
the glenoid cavity, b. In SolidWorks™, this can be
done using the MEASURE tool. It is important to
ensure the normal distance from the face plane is
measured since the anatomical reference plane is not
aligned with the x-y-z axes.

(c) The centroid of the glenoid is located on the normal of
the face plane that intersects the centre of the circle. The
distance along the normal from the plane is the radius
of the traced circle (a) minus the normal distance (b).

3.3. Reference Planes. Although the reference planes are not
anatomical planes, per se, they are used to relate the scapula
to the biomechanical loading system [13] (Figure 2). These
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Length: 13.42mm

FIGURE 1: Glenoid cavity centroid: (a) the bearing surface is defined by a plane that rests on the three most distal vertices; (b) a circle is fitted
to the defined bearing surface; (c) the normal distance is measured from the circle centroid to glenoid cavity surface; (d) the glenoid cavity

centroid is then calculated.

can be used to relate to the anatomical planes using digitized
measurements, which is the main advantage of using an
image-based fixation method.

(a) Coronal plane: the coronal plane consists of the
glenoid cavity centroid, the trigonum spinae, and the
inferior angle. The centroid of the trigonum spinae
and the most inferior part of the inferior angle are
selected for this definition.

(b) Transverse plane and mediolateral axis: the medio-
lateral axis is on the transverse plane and normal to the
sagittal plane. The mediolateral axis consists of the line
between the centroid of the trigonum spinae and
glenoid cavity centroid. These must be the same points
as those used to define the coronal plane. The trans-
verse plane is thus defined as containing the medio-
lateral axis and as perpendicular to the coronal plane.

(c) Sagittal plane: The sagittal plane is perpendicular to
the two other planes using the glenoid cavity cen-
troid of the glenoid cavity as the origin.

3.4. Fixation Block Base. Fixation blocks are standardized
such that the glenoid cavity centroid is always in the same
position relative to the simulator. In general, a fixation block
is made by extruding a rectangle of material from the
transverse plane in the inferior direction. Guides are then

extruded from the inferior surface to align the scapula in the
ML and AP directions.

3.5. Parting Line. Once the CAD file for the fixation block
has been made, it must be divided into sections so that it can
be opened to insert the scapula (Figure 3). This division can
be accomplished by creating planes that extrude medi-
olaterally from the scapula and then by cutting the fixation
block with them.

Using two separate 3D sketches, the parting line is traced
on the medial and lateral faces of the scapula. Surfaces are
then extruded from the sketch. When extruding, the di-
rection is specified from the reference planes. The extrusion
should be normal to the sagittal plane. Because the 3D sketch
may not consistently intersect the scapula, an extrusion in
the opposite direction is specified to ensure that all gaps are
closed. The surface must extend above and below the fixation
block dimensions; it is much better to have a parting surface
that is too large than too small.

3.6. Locating Fins

(a) The transverse profile of the block is sketched on the
transverse plane and extruded downwards. It is
important to treat the block as a separate body from
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FIGURE 2: Reference planes: (a) coronal plane on scapula model; (b) mediolateral axis used in combination with the coronal plane to find the
transverse plane and transverse and coronal plane are used to determine sagittal plane.

FIGURE 3: Parting line: (a) tracing parting line on lateral side of scapula; (b) extruding a plane from the traced parting line; (c) example of
a gap between parting surface and scapula; (d) two-directional extrusion.

the scapula. In SolidWorks™, this is done by (b) Locating fins are extruded downwards from the
unchecking MERGE RESULT in the EXTRUSION inferior face of the block. Ensure these features do
FEATURE window. merge with the block.
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FIGURE 4: Final assembly with locking features shown. Note pocket in right segment.

3.7. Parting Features

(a) The scapula is subtracted from the fixation block,
which leaves a cavity in the shape of the scapula
(Figure 4). In SolidWorks™, this is done using the
COMBINE command and selecting SUBTRACT
rather than ADD. Subtracting the scapula from the
block leaves the block and parting surfaces intact.

(b) Some CAD packages may be able to perform partial
surface cuts; however, SolidWorks™ requires
a workaround. This can be done by sketching a slot
between the anterior and posterior midpoints with
a very tiny radius (0.00001"). This slot is then used to
create an extruded cut that is 0.00002" thick through
the entire model, forming two bodies. If prompted,
ensure to keep both bodies.

(c) There are now two bodies in the CAD environ-
ment—both of which are halved by a parting plane.
Use the surfaces to cut both bodies. SolidWorks™ is
unable to cut with a surface and keep both sides, so
this must be done for each side separately.

(d) When the fixation block has been cut with the
surfaces, one half of the block will remain. It will be
comprised of two bodies. Select both bodies and save
them. SolidWorks™ gives the option of inserting the
bodies into a part file in their original orientation.

(e) Before modifying these bodies, ensure that the links
to the original model are broken. Select one side of
the central cut, and create a sketch on it. Trace the
outside perimeter of the face. In SolidWorks™, this
can be done quickly by using the CONVERT EN-
TITIES command.

(f) This traced profile is extruded until it contacts the
other body—this can be done by blindly extruding

0.00002" or by specifying the adjacent surface as the
limit. Ensure this extrusion merges the two entities.

3.8. Separation Clearance and Locking Features. For the
fixation block to fit the scapula, it must only close on it in one
direction (Figure 3). A pocket is used to perform this
function by clearing material in the pull direction so that the
feature that fits in the inadmissible pocket can be inserted
and removed. In addition, features to lock the block to the
testing system are added.

(a) When one side of the fixation block is completed, the
direction of the surface cuts in the master model is
flipped. This is repeated to create a single fixation
block section. The fixation block sections may then
be saved as*.stl files and 3D printed. Typically, the
blocks are printed at semisparse infill.

(b) Circular holes are added to align with the locking
features of the testing system.

3.9. Application to Testing. The fixation blocks are on hand,
and ready for testing by the time a cadaveric sample is
removed from the freezer.

(a) Muscle tissue from the scapula is released to expose
the bone and should fit snugly in the fixation block.
However, 3D printing tends to produce extra ma-
terial, so the cavity is undersized. A file, rasp, or
sandpaper is used to make modifications to the
fixation block parts until the scapula is firmly held.
After pilot testing, this rectification step can be re-
duced if the fixation block is printed to be larger,
typically by 2%.



(b) When the scapula is in the fixation blocks, holes are
drilled in the scapula to align with the locking fea-
tures incorporated in the design.

4. Summary and Conclusion

The purpose of this fixture block design method was to
create anatomy-specific support for complex anatomical
structures allowing a controlled placement and immobili-
zation in a kinematic simulator. This method, using
additive-manufacturing, allowed a strong immobilization of
cadaveric scapulae and a controlled and consistent posi-
tioning of glenoid centroid with respect to the testing sys-
tem. As well, the CAD of the fixture block can be easily
modified and adapted to other anatomical structures of
interest. No fixture block failure has been reported during
our testing after multiple cycles of use.

The presented method was described for scapulae fixa-
tion for a shoulder simulator specifically. However, the same
method has been very useful in our laboratory for various
other biomechanical testing projects: distal radius and ulna
fracture plate mechanical testing, foot prosthetic design and
mechanical evaluation, and image-guided surgery platform
design for in vitro testing [14, 15].

Additive manufacturing provides a good alternative for
anatomy fixtures in any situation where biomechanical
testing requires repeatable procedures to be applied on bony
anatomy. Its integration with image-based solid modeling
has advantages in its ability to locate anatomical landmarks
precisely with respect to testing systems.

Data Availability

No data were used to support this case study. All the nec-
essary information that might be needed to reproduce the
presented method is included within the article.
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