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Abstract

The latest industrial revolution, Industry 4.0, is encouraging the integration of
intelligent production systems and advanced information technologies. Additive
manufacturing (AM) is considered to be an essential ingredient in this new
movement. In the medical sector use of scanning technologies combined with
computer aided design (CAD) and AM are gaining attention in the fabrication of
customized medical devices, implants and products. Particularly, in orthopedic the
patient-specific analysis is essential to obtain an accurate medical imaging data of
the individual patient. Building end-use functional parts, like back brace for
scoliosis, with additive manufacturing (AM) technologies is a challenging task and
it will be described in the present work.

This aim of the present thesis is the design and fabrication of a customized
orthopedic back brace by Additive Manufacturing technique.

Chapter 1 provides an analysis of Industry 4.0 and how it is changing the
industrial scenario in Europe. AM is considered to be an essential ingredient in this
new movement and the author provides a comprehensive review on AM
technologies together with its contributions to Industry 4.0 and potential uses. In
particular, the authors focus its attention on the possible application of AM in the
medical field.

Chapter 2 gives an overview on idiopathic scoliosis with a focus on the
commercial back braces present on the market. Moreover, the authors proposed a
comparison between three different manufacturing processes for back brace: the
old, the present and the proposed approach. In particular, the proposed approach is
based on the combination of 3D medical imaging and AM technologies to realize
customized back braces for scoliosis.

Chapter 3 describes in details the methods to design and manufacture an
orthopedic back brace from the material testing to the final back brace design and
manufacturing. Mechanical, thermal and morphological properties of two
commercial polymers (PLA and PETG) have been investigated to determine the
best 3D printer material for developing the back brace. Starting from the patient
imaging an orthopedic back brace have been designed by dedicated software
(Rodin4D). Fused deposition modeling (FDM) have been selected for the
realization of the back brace due to its ease of use and the possibility to have a wide
range of processable materials.

Finally, Chapter 4 reports the pre-clinical trial of the realized back braces on
ten patients in collaboration with the orthopedic clinic “La Nostra Famiglia -
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Eugenio Medea” of Bosisio Parini (Lecco). The pre-clinical investigation is a
pilot study that will involve pediatric patients suffering from rachis alterations
(idiopathic scoliosis and osteogenesis imperfecta) whose main objective will be
the evaluation of the acceptance, safety and satisfaction of patients in the use
of 3D printed back braces respect to the traditional ones with consolidated
clinical effectiveness.



Chapter 1
The role of 3D Printing in Industry 4.0

1. INTRODUCTION

According to statistics of the American economist W. Rostow, beginning of the
20th century marked the domination of industrial production: while in 1870 its
share constituted 19.5%, in 1900 it was 58.7% (1913—100%). Due to growth of
production and development of transport, turnover of the global trade increased by
three times. In order to explain the causal factors that constitute the essence of
genesis of global revolutionary transitions, it is necessary to determine the role of
these revolutions in the historical context [1]. In literature, it was common to
distinguish the following industrial revolutions: steam engine and railroad transport
(late 18™ century); electrification, division of labour, and mass production (late 19"
century); electronics, IT industry, and automatized production (late 20™ century)
and Cyber physical system (21" century) as depicted in Figure 1 [1-3]. The fourth
industrial revolution, namely Industry 4.0, is the recent movement on intelligent
automation technology. A continuous concern for manufacture Industry 4.0 dictates
the end of traditional centralized applications for production control and it assumes
preparation of a computerized, intelligent manufacturing environment,
guaranteeing flexibility and high efficiency of production, integration of different
activities and effective communication between a client and a producer, as well as
between the producer and suppliers [4, 5]. One of the most radical changes is the
shift from computers to smart devices utilizing the infrastructure services based on
cloud computing [1, 6]. This new beginning of the Internet era, marked by an
integrated computer-based automation and ubiquitous computing systems, is
moreover being connected to the wireless network by the Internet [7, 8] firms is the
mismatch between supply and demand within value chains [2, 3, 9, 10].
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Industry 4.0 responds to customer demands for tailored products by technology
enablers such as 3D printing, Internet of Things (IoT), Cloud computing, Mobile
Devices and Big Data, creating a totally new environment by redefining the role of
humans (Figure 2) [3]. With respect to the cyber-physical systems, 10T is described
as the concept of gathering information from physical objects using computer
networks or accelerated wireless connections [11, 12]. As a whole, this large
quantity of data is defined as Big Data, which is another major notion in Industry
4.0 [13, 14]. Moreover, cloud computing, which is related to the processing of all
the available information, can also be considered as one of the most significant
terms in virtual industrial world [15]. All of these cyber technologies help to ensure
the effective utilization of existing information for smart manufacturing of future
[4, 16]. In this scenario, additive manufacturing (AM) is considered to be an
essential ingredient of this revolution. Due to the necessity for mass customization
in Industry 4.0, AM may become a key technology for fabricating customized
products due to its ability to create sophisticated objects with advanced attributes
(new materials, shapes)[17, 18].
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Thanks to increased product quality, AM is currently being used in various
industries such as aerospace, biomedical and manufacturing mass customization in
Industry 4.0 [19].

This chapter give an overview about the correlation between Industry 4.0 and AM
technologies. Due to its significant role in Industry 4.0, AM is the main scope of
this paper and so after a first introduction to industry 4.0 all the AM technologies
will be explained with a deepening of their application in the biomedical field.

2. INDUSTRY 4.0

The concept of Industry 4.0 was born in Germany in 2011 under the term of “Smart
Factory” and later defined 4.0 to emphasize the principle that sees the beginning of
the fourth industrial revolution [2, 20]. Similar promotions are advocated in other
industrial countries. For example, the United States proposed a smart
manufacturing plan and suggested connecting everything using IoT [7, 21-23]. The
Japanese Government published “Society 5.0” — a smart system that covers smart
community, smart infrastructure, smart factory and others. China created a plan of
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“Chinese Manufacturing 2025 to foster Chinese manufacturing shifting to high
value-added and becoming a global leader. Industry 4.0 specifically involves a
radical shift in how production shop floors currently operate. Defined by many as a
global transformation of the manufacturing industry by the introduction of
digitalization and the Internet, these transformations consider revolutionary
improvements in the design and manufacturing processes, operations and services
of manufacturing products and systems [5]. All the industrial revolutions listed are
linked to inventions based on scientific discoveries: steam engines, electricity, PCs
and telecommunications [24].

The first industrial revolution is generally considered the steam machine that made
the steam power exploitable opening the industry age. The second industrial
revolution is generally seen as the discovery, or better the application, of electricity
and how to use it, namely allowing automotive mass production. The third
industrial revolution is generally linked to the computer and the possibility of data
processing for computer integrated manufacturing (CIM), leading to the present era
of information technology Figure 1 [2, 25]. Within the context of Industry 4.0, the
factory of the future will enable the connection between machines and human-
beings in Cyber-Physical-Systems (CPSs). These new systems focus their
resources on the introduction of intelligent products and industrial processes that
will allow the industry to face rapid changes in shopping patterns [26, 27].

The concept of Industry 4.0, on the other hand, is a technological revolution not
closely linked to a scientific discovery but is depicted as a connection of
components that generate a further connected system [28]. The implementation of
innovative technologies enables companies to reduce costs, increase flexibility and
customize the product. Industry 4.0 involves automated systems including
Artificial Intelligence (Al), robots, drones, nanotechnologies and a variety of inputs
that enable customization, flexibility and rapid manufacturing (Figure 3) [20].
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Figure 3 Industry 4.0 Framework

From a production point of view, Industry 4.0, represents the ability to improve a
product through the study and implementation of algorithms that analyze a huge
amount of data about that product and how it should be made [8]. Practically all
production is based on the concept that collecting as much data as possible on the
product (BIG DATA), transmitting and analyzing them, are much more economical
and performing processes for the production of the product itself [24]. Thanks to
the connectivity it is now possible to manage a large amount of data, the Big Data
precisely, the innovation is therefore all in the daily use of connectivity and then in
the continuous transmission of this data. The production will therefore be the final
part of a mechanism that starts from the collection of Big Data, which are then
“translated” by algorithms (Analysis phase) that optimize the production process
that will then take place in close collaboration between man and machines [29].
This creates an integrated, innovative, smart and fast production system that
promotes the integration between big data, [oT and Artificial Intelligence (Al). In
this way it will possible to envisages an environment whereby smart machines can
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communicate with one another, not only to enable the automation of production
lines but also to analyse and understand a certain level of production issues and to
solve them [10, 14].

An important competitive advantage for a company is its capability to realise
individual requirements of diverse customers. The paradigm of mass customization
emerged in the late 1980’°s as demand for product variety increased [30-32]. The
number of varieties offered by consumer product manufacturers has increased
significantly since then. An example used in is the number of distinct automobile
vehicle models in the U.S. which increased from 44 in 1969 to 165 in 2006 [33,
34]. To implement MC manufacturers should apply appropriate management and
control principles to organise manufacturing systems to realise individual customer
requirements. Traditional manufacturing systems may find it difficult to achieve
these requirements because its responsiveness is slow [3, 35].

Additive manufacturing (AM), also called 3D printing (3DP), is one of the vital
components of Industry 4.0 and it may become a key technology for fabricating
customized products [36-38]. The core principle of this method is that materials are
added in a layer by layer fashion rather than subtracted as happens in conventional
[39].

Figure 4 CAD image of a teacup with further images showing the effects of building using different
layer thicknesses [40]

AM technologies is a relatively recent technology that provides the production of
an object through the progressive addition of material in a layer-by-layer fashion,
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with the realization of the piece that proceeds section by section based on a three-
dimensional CAD model (Figure 4) [41-43]. Garrett et al suggests that the impact of
3D printing may be disruptive and revolutionary, and that the impact could last for
several decades in the areas of manufacturing, value chains, environments, global
economies and geopolitics [37]. AM is already a proven “general purpose”
technology that is being used for an enormous range of applications such as
fabricating spare and new parts for planes, trains and automobiles and thousands of
items in between [44-46]. Initially limited to one realization of models and
prototypes, the additive technology has started to move towards the production of
semi-finished components suitable for long-term use [40, 41, 43]. The advantages
that can derive from this innovation do not place any limit on the geometric
complexity of the obtainable piece and are present in a wide range of types of
materials ranging from polymers, on which the first additive techniques initially
concentrated, to metals and also, used, to composite materials [47, 48]. Moreover,
3DP has greater resource efficiency compared to most conventional, subtractive
production methods [39]. This has led some authors to propose that the rapid
success of 3DP will initiate a change of view on natural resources with respect to
material savings during production, smart redesign of components, and the ability
to utilize recycled materials for the printing process [49]. It is of paramount
importance that in the next chapter we analyze the different 3D printing
technologies and their potential impact in different market.

3. 3D PRINTING IN INDUSTRY 4.0

The ASTM F42 Technical Committee defines AM as the “process of joining
materials to make objects from three-dimensional (3D) model data, usually layer
upon layer, as opposed to subtractive manufacturing methodologies” [50]. AM was
officially born in 1982, when Mr. Chuck Hull invented stereolithography (SLA)
and founding the 3D Systems. He created the first commercial example of rapid
prototyping, and of the STL format (Figure 5) [4, 37, 40, 41, 43]. He laid the
groundwork and paved the way for all those who followed him, while remaining
himself and his company at step with innovations; his patented concept of physical
objects created as a sequence of 2D layers overlapping is, in fact, still valid today.
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Figure 5 The first AM technology from Hull, who founded 3D systems [51]

In 1986 Carl Deckard, Joe Beaman and Paul Forderhase studied the ideas of Chuck
Hull and developed Selective Laser Sintering (SLS), sintering, a process
completely similar to the one previously discovered, but which brings an important
modification: the liquid was replaced with powder [52]. One of the most
advantages was that the powder being a solid does not require specific supports as
in the previous technology. In 1988 Mr. Crump patented Fused Deposition
Modeling, that is, printing with molten material. Both the laser and the dust were
set aside and he began to use molten plastic that it was “spread” layer by layer
according to the object [43]. Later he founded Stratasys, a company also a leader in
the sector. In 1995 the Germans of the Fraunhofer Institute developed the method
of the Selective Laser Melting (SLM) [53]. For the first time, the world of 3D
printers experienced the possibility of produce truly solid objects, with a density
that had little to envy to traditional industry. The adjective “Additive” indicates that
the object is formed by the progressive addition of material, rather than the removal
of excess material from a block. Figure 6 shows the different approach in the
realization of the same component of the additive methods with respect to
conventional subtractive ones.

12
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Figure 6 Manufacturing process of a metal component using additive (4) or subtractive
technologies (B).

What drives research in the direction of using AM techniques to fabricate long-
term and fully functional components is the possibility of drastically reduce the
“time-to-market” of the product. The AM in fact allows both to set a cycle
production composed of a single step, and to eliminate, in many cases, all types of
processing to the tool making. Today, thanks to the progress made it is possible to
produce in little time realistic objects that do not require additional finishes.
Furthermore, additive production absorbs less subtractive production energy, a key
point for producers. On the other hand, additive technologies manufacturing can be
very advantageous for the freedom they grant in the component design. In fact,
these techniques offer a unique possibility to produce light components, functional
gradients of composition, complex geometries and dimensions micrometer.
Generally AM involves a number of steps that move from the virtual CAD
description to the physical model part as depicted in Figure 7 [40]. At later stages of
the process, parts may require cleaning and post-processing (including sanding,
surface preparation and painting) before they are used, with AM being useful here
because of the complexity of form that can be created without having to consider
tooling [40].
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Figure 7 Generic process of CAD to part, showing all 8 stages

In 2005, thanks to the principle of the Self Replicating Rapid Prototyper, there was
the real one breakthrough in the world of 3D printers. A 3D printer was created that
could reproduce itself. He was born consequently the RepRap project, still active
today, completely open source, is free ¢ downloadable for anyone wishing to try
their hand at rebuilding their 3D printer. According to the 2014 Wohlers Report,
consumers of 3D printers are classified as those that cost less than $§ 5000 [54]. The
Cornell University and the University of Bath have designed the first open-source
3D printers which are widely recognised in the area: Fab@home and RepRap [55,
56]. However, at present time, it is not yet adopted in the manufacturing sector, but
scientists, medical doctors, students and professors, market researchers, and artists
use it [57-59]. Areas of interest which have used AM to create objects include
aeronautics, architecture, automotive industries, art, dentistry, fashion, food,
jewellery, medicine, pharmaceuticals, robotics and toys [60]. Medical industries are
particularly interested in AM technology because of the ease in which 3D medical
imaging data can be converted into solid objects. In this way, devices can be
customised to suit the needs of an individual patient [61]. Thus, each AM
technology have advantages and disadvantages for own applications and we
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propose to have an overview of the main 3D printing techniques in the next
paragraph [41].

3.1 Classification of AM techniques

There are numerous ways to classify AM technologies. A popular approach is to
classify them according to baseline technology, like whether the process uses
lasers, printer technology, extrusion technology, etc. [62, 63]. Another approach is
to collect processes together according to the type of raw material input [64]. These
vary according to the materials used (liquids, solids and powders) and to the way in
which the various layers are deposited one above the other as showed in Figure 8.
The processes that use liquid material are divided into those that use
photopolymers (which cross-link due to ultraviolet radiation) and those based on
melting, depositing and resolidification (thermoplastic materials).

Other processes, on the other hand, consolidate granules of powder by melting
along the contact area of the particles or by adding a suitable adhesive. Finally,
other methods start from solid material reduced to thin sheets glued one on top of
the other and shaped in an appropriate manner.

[ Additive Manufacturing ]
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Wire) Based Systems Systems Systems

Based on Physical
Stiate of Raw Material
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Figure 8 Classification of different AM processes
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An excellent and comprehensive classification method is described by Pham et al
[65], which uses a two-dimensional classification method as shown in Figure 9. The
first dimension relates to the method by which the layers are constructed. Earlier
technologies used a single point source to draw across the surface of the base
material. The first dimension relates to the method by which the layers are

constructed.
1D Channel 2x1D Channels Array of 1D 20 Channel
v Yiow, Channels
X
X P
E
o & .
3 Dual beam : Envisiontech
g %‘ SLAGDSYS) | || | sLA (3D Sys) i MicraTEC
o B SLS (3D Sys), 5
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2 3 |FOM, Solidscape | Thermodet
=
og Solido
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Figure 9 Layered Manufacturing (LM) processes as classified by Pham et al. (note that this
diagram has been amended to include some recent AM technologies) [65]

Earlier technologies used a single point source to draw across the surface of the
base material. Later systems increased the number of sources to increase the
throughput, which was made possible with the use of droplet deposition
technology, for example, which can be constructed into a one dimensional array of
deposition heads. Pham uses four separate material classifications; liquid polymer,
discrete particles, molten material, and laminated sheets. Furthermore, there may
come systems in the future that use 3D holography to project and fabricate
complete objects in a single pass.

3.1.1 Liquid polymer

Liquid polymers system appears to be one of the most popular between the AM

technologies. The first commercial system was the 3D Systems Stereolithography

process based on liquid photopolymers. A large portion of systems in use today are,
16



in fact, not just liquid polymer systems but more specifically liquid photopolymer
systems [40].

3.1.1.1 Stereolithography

Stereolithography is an additive fabrication process using a liquid UV-curable
photopolymer and a UV laser to build structures a layer at a time.
Stereolithographic processes produce 3D solid objects in a multi-layer procedure
through the selective photo-initiated cure reaction of a polymer [66, 67]. These
processes usually employ two distinct methods of irradiation. The first method is
the mask-based method in which an image is transferred to a liquid polymer by
irradiating through a patterned mask. The irradiated part of the liquid polymer is
then solidified. These systems generally require the generation of many masks with
precise mask alignments. In the second method, a direct writing process using a
focused UV beam produces polymer structures.

(A)

Scanner system (B)
(XY-movement)

Fabrication platform ) I -

Fabrication platform

Coated glass slide Liquid photocurable
resin

Lens
Liquid photocurable 4
(\‘\i:er

resin
I Digital Mirror Device = g
(DMD)

Figure 10 Conventional Stereolithography system as reported by waheed et al.[68]

Generally, SL is considered to provide the greatest accuracy and best surface finish
of any RP technology [69-71]. The model material is robust, slightly brittle, and
relatively light, although it is hydroscopic and may physically warp over time (a
few months) if exposed to high humidity. Although fine structures can be produced
by the laser SL technique, the process is usually slow because of the nature of
point-by-point laser scanning [72]. One solution for this problem is the use of a
Liquid Crystal Display (LCD) or a digital processing projection system as a
flexible mask. Microstereolithography (u-SL) is a relatively recent development,
similar to conventional stereolithography [73]. There are three methods of p-SL
and they have differences in the solidification processes. The first is free-surface
method where an UV curable resin is exposed to UV laser beam above the free-
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surface of the resin and the resin at the surface is solidified [74]. The second is
fixed-surface method. In this method, UV curable resin is exposed to UV beam
toward flatly transparent window that is immersed in the resin and the resin at the
surface formed by this window is solidified [75]. This method has a higher
resolution than free-surface method. However, the yield of this method is low
because adhesion between the resin and the window causes destruction of a
solidified structure. The third is inside-solidification method [76]. Unlike the two
methods described above, in this method resin is solidified at not the surface, but a
point inside the UV curable resin.

3.1.1.2 Two photon stereolithography

Even if micro-stereolithography (u-SLA) remains one of the most powerful and
versatile of all SFF techniques there are limitations to p-SL in terms of the spatial
resolution of fabricated structures [77]. The minimum thickness of layers is
inevitably affected by the viscosity and surface tension of the resin and so it is very
difficult to use pu-SL to fabricate ultraprecise microstructures that have a nano-
detail or submicrometer scale. In this context, two-photon stereolithography (TPS),
established by Kawata and his group, appears of high interest since it offers
intrinsically sub-100 nm resolution [78]. Normally in conventional SLA techniques
polymerization is induced by absorption of a single photon, TPS, instead, is based
on two photon non-linear absorption (TPA) process [78]. In this system, they used
a high-power Ti:Sapphire femtosecond-laser, with wavelength 790 nm and during
the process the photoinitiator requires two photons to strike and to form a free
radical that can initiate polymerization. Taking advantage of these effects,
photopolymerization is confined at the focal point of the laser irradiation, in a 3D
volume, typically of less than 1 um?® [79]. A schematic of a typical research setup
for this process is shown in Figure I1. Therefore, the main advantage of TPS,
compared to single photon absorption, is that excitation is localized within the focal
volume of a laser beam. Consequently, it gives access to 3D microfabrication since
the polymerization threshold is not reached out of the focal volume [80]. Moreover,
another advantage is that parts can be built inside the resin vat, not just at the vat
surface, which eliminates the need for recoating with a great improves in speed
production.
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Nano-sized structures formed by this technique have many other promising
applications especially in the field of photonic crystals, micromechanical parts,
rapid prototyping of micro/nanofluidics, small-scale production of micro-optics
components and 3D frameworks for cell biology. Despite the possibilities to
fabricate 3D objects with sub-100 nm features in a single step, TPS appears as an
extremely slow technique for mass production in industry due to the point by point
writing process. However, these drawbacks appear to be a fantastic and appealing
field of research for the next decades since it is expected that the TPS will take a
position as a powerful process for the fabrication of 3D nano/microdevices
applicable to diverse research fields.

3.1.2 Process involving discrete particles
These processes build the part by joining powder grains together using either a
laser or a separate binding material.

3.1.2.1 Selective laser sintering (SLS)
SLS uses a fine powder of material which is heated with CO- laser of power in the
range of 25-50W such that the surface tension of the grain are overcome and they
fuse together [52]. Before the powder is sintered, the entire bed is heated to just
below the melting point of the material in order to minimize thermal distortion and
facilitate fusion to the previous layer [81].
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Each layer is drawn in the powder bed using the laser to sinter the material. Then
the bed is lowered and a powder-feed chamber raised. A new layer of powder is
deposited and spread by a counter rotating roller [82]. The sintered material forms
the desired structure while the undesired powder remains in place to support the
structure and may be cleaned away and recycled once the process is completed as
depicted in Figure 12. There is a large range of materials available for this process,
basically any material which can be pulverised may be employed. At present,
nylon, thermoplastic Polyurethane (TPU), Polylactic acid (PLA), Polycarbonate,
composites and metals are commonly used in SLS, and it is claimed that these
materials have engineering grade properties [83]. They are cheaper than the resins
used for SL, are non-toxic and safe and may be sintered with relatively low-
powered lasers. However, parts need a long cooling cycle on the machine before
they can be removed.

3.1.2.2 Three dimensional printing (3DP)
The binder jetting process is another AM technique that employs inkjet head (IJH)
technology for processing materials. In this system, the head prints a liquid binder
onto thin layers of powders based on object profiles that have been generated by
software [52].
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In general, a wide range of powders including ceramics and polymers can be
processed by inkjet 3DP; however, binder selection is a key factor in successful
part fabrication [84]. The materials used as a binder must have suitable properties
to prevent spreading from nozzles. To be compatible with the type of printing head,
the viscosity and surface tension of the binder must be 5-20 Pa.s and 35-40 mJ N!
respectively. Three different types of binders are commonly used in the inkjet 3DP
method: 1) water-based binders such as certain commercial ones, ii) phosphoric
acid-based and citric acid—based binders, and iii) polymer solution binders such as
PVA and poly(D,L-lactic acid) (PDLLA)[52, 83, 84]. For powder materials, a
broad range of polymers, ceramics, and composites can be applied in this
technique. The resolution is dependent on the size of the binder droplets and the
powder grains, the placement accuracy of the nozzle and the way that the binder
diffuses through the powder due to capillary action. Parts made using this process
do not require supports to brace overhanging features. They do however need to
include a hole so that excess powder can be removed [20]. Disadvantages of this
technology are that the final parts may be fragile and porous, and it can be hard to
remove the excess powder from any cavities. A further drawback is that the layers
are raster-scanned by the printhead that leads to a stair-stepping effect in the X-Y
plane as well as in the build direction. Another drawback is that the recycled
powders require sieving to ensure that no globules are present that would interfere
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with the smooth application of the next powder layer. The system also requires an
inert nitrogen atmosphere in which to sinter the materials.

3.1.3 Solidification of molten material

3.1.3.1 Fused Deposition Modelling

The FDM process was developed in the 1980s and was commercialized by
Stratasys Inc., USA, in the early 1990s [85]. The FDM machine consists of a
movable head which deposits a thread of molten material onto a substrate. The
build material is heated above its melting point so that it rapidly solidifies after
extrusion and cold welds to the previous layers (Figure 14). At the completion of
the layer deposition, the sample stage is lowered and a new layer is deposited. In
this fashion, the technique fabricates a 3D structure [86, 87]. Factors to be taken
into consideration are the necessity for a steady nozzle speed and material
extrusion rate, the addition of a support structure for overhanging parts, and the
speed of the head which affects the overall layer thickness [88]. A benefit of this
method is the absence of organic solvents in the fabrication process. The computer-
aided process is controlled by the use of CAD data in the design of the part.
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Figure 14 Schematic description of fused deposition modelling
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FDM is being widely used in AM technology recently in producing various
products across various manufacturing sectors because of its reliability, cost-
effectiveness in producing 3D objects with good resolution, dimensional stability
[89], wide material customization, simple fabrication process and its ability to
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fabricate complicated geometrical parts safely in a favorable environment [90].
FDM is the most commonly used in producing conceptual models, prototypes and
engineering components.

The characteristics of the final product such as strength, surface finish and porosity
are extremely dependent on the process parameters of the FDM process. Currently,
polymers are treated as most suitable for the FDM process due to their melting
temperature which are in the range of commercially available machine and they
also provide sufficient strength to the final parts that can be utilized for wide-
ranging applications [91].

Thermoplastic polymers are mostly used in FDM, and ABS and PLA are the most
popular. Some frequently used polymer materials in the FDM process include
polyethylene terephthalate glycole (PETG) polyamide or nylon (PA),
polycarbonate (PC), polyethylene (PE) and polypropylene (PP). Some research is
also done using a combination of the polymer materials such as ABS and PC, PLA
and PC, PE and PP. Recently polymers are used as base matrix materials, and
metals mostly in powder form are used as reinforcement which results in a material
having particular properties from both materials [92]. Properties such as
adhesiveness, flexibility, conductivity, process ability, toughness and strength
depend on the composition of the matrix and reinforcement materials. Bio-
composites have brought significant advancements in the field of bio-medical and
modern health-care sector and helped in the development of artificial human organs
and tissue engineering [93]. They are based on ceramics such as TiO2, ZrO,, Al,Os
used as reinforcement materials with polymer matrices such as polyamide (PA),
polypropylene (PP) and PLA. Bio-composites/materials, made of those substances
are highly compatible with the simulated body fluid that resembles close to that of
human blood plasma.

Most of the research on the FDM materials has been concentrated on the suitability
of the material, optimizing the process parameters, rheological and mechanical
properties, finding applicability in new areas such as tissue engineering and
dimensional accuracy [94, 95]. Development of new material for FDM is done
along with optimization of the process parameters that is a critical criterion for
achieving quality parts with enriched material, mechanical and thermal properties.
Currently, there are different types of FDM machines available in the market with
specifications regarding the flow ability of the material to be used for best results
[96]. There is also a need to work on the FDM machine such as improving the
range of melting temperature in order to include high melting point materials.
Moreover, due to the increasing environmental consciousness in the world, there is
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a need to do extensive research on natural fiber-reinforced composites as they have
a huge potential in replacing glass-filled reinforced composites that are not
environmental friendly. Recently, most of the manufacturing industries are
focusing on developing infrastructure for executing research on FDM technology
as it possess huge potential for changing the manufacturing scenario by generating
huge profits without compromising on product quality. These future works will
help in improving the FDM process further and making it an ideal AM process for
various manufacturing applications including bio-medical with high part quality,
dimensional accuracy and other desired properties.

4. APPLICATION FIELDS OF 3DP

The development of innovative, advanced AM techniques has progressed greatly in
recent years, yielding broader and broader industry applications Figure 15.
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Figure 15 Main application field of 3DP

Customized functional products are currently becoming the trend in 3D printing as
predicted by Wohlers Associates, who envisioned that about 50% of 3D printing
will revolve around the manufacturing of commercial products in 2020 [97, 98].
The growing consensus of adapting the 3D manufacturing system over traditional
techniques is attributed to several advantages including fabrication of complex
geometry with high precision, maximum material savings, flexibility in design, and
personal customization. AM is capable of fabricating objects with any degree of
customization (Figure 16). This includes products that can be custom-fit to an
existing person or object, products that can be personalized based on individual or
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group preferences, and mass-customized products that can be produced with
infinite variations.

Infinite IT
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Figure 16 Types of customization available in AM process [99]

However, the precision of the printed parts is dependent on the accuracy of the
employed method and the scale of printing. For instance, micro-scale 3D printing
poses challenges with the resolution, surface finish and layer bonding, which
sometimes require post-processing techniques. However, the inferior mechanical
properties and anisotropic behavior of 3D printed parts still limit the potential of
large-scale printing. Moreover, the limited materials available for 3D printing pose
challenges in utilizing this technology in various industries. Hence, there is a need
for developing suitable materials that can be used for 3D printing. Further
developments are also needed to enhance the mechanical properties of 3D printed
parts [97]. The advantages of 3DP technology will continue to emerge through
continuing research efforts, which must be undertaken to understand and eliminate
constraints that inhibit the use of this technology.

A distinguished advantage of 3D printing is mass customization i.e., production of
a series of personalized goods such that each product can be different while
maintaining a low price due to mass production. 3D printing is devoid of the added
cost due to mold making and tooling for a customized product. Therefore, mass
production of a number of identical parts can be as cost-effective as the same
number of different personalized goods. The change between different designs is
straightforward with negligible added cost and no need for special preparation.
Compared with subtractive manufacturing, AM is particularly suitable for
producing low volumes of products, especially for parts with complex geometries.
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AM processes also offer great potential for customization, such as fabricating
personalized implants for hip and knee replacements [50]. AM gives a flexible
solution in orthopaedics area, where customised implants can be formed as per the
required shape and size and can help substitution with customised products. A 3D
model created by this technology gain an accurate perception of patient’s anatomy
which is used to perform mock surgeries and is helpful for highly complex surgical
pathologies [100]. AM provides a perfect fit implant for the specific patient by
unlimited geometric freedom and this is why can help to solve present-day
challenges in the biomedical field as reported in the next paragraphs.

4.1 Medical application of AM

As reported by Wohler’s The biomedical market represents 11% of the total AM
market share today and is going to be one of the drivers for AM evolution and
growth [98]. AM is able to 3D print small quantities of customized products with
relatively low costs. This is specifically useful in the medical field, where high
complexity, customization and patient specific necessities are typically required.
Moreover, small production quantities are another of the main requirement of the
biomedical market. For example in surgical applications, this technology is used to
create a model which gives a better understanding of complex pathology and
anatomy of the patient easily produces specific custom implants and patient-
specific instruments which help surgeon during the surgery of the patient [101,
102]. In the orthopedic field the patient-specific analysis is essential to obtain an
accurate medical imaging data of the individual patient. Magnetic resonance
imaging (MRI), modern multi-row detector Computer Tomography (MDCT),
Computer tomography (CT) scan, X-rays and 3D scanners provide an accurate,
fast, high-resolution data and easily prepare a 3D view of patient’s anatomy. AM
convert the digital medical image into a 3D physical model. This conversion takes
place in three steps as depicted in Figure 17.
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Figure 17 Overview of established step to convert medical imaging in 3D printed object

In the last decades, rapid prototyping has been used in a variety of medical
applications including bioprinting of tissue, surgical planning and custom-made
orthosis.

4.1.1 Custom made orthosis and prosthesis using AM

Orthoses and prostheses (O&P) are assistive devices that help people with
disabilities. Orthoses, colloquially known as braces, support and modify the
structural and functional characteristics of human neuromuscular and
musculoskeletal systems. O&P can be either custom fabricated or prefabricated
[103]. Prefabricated O&P are less expensive and are readily available as off-the
shelf products.

27



Step 1. Taking a measurement of the Step 1. 3D scan of patient's geometry

body segment

Step 2. Taking a negative impression

|

Step 3. Converting modified
geometry to orthosis

L

Step 5. Shaping the orthosis or +
prosthetic socket Step 4. Additive manufacturing of

orthosis ‘ n

¥

Step 6. Fitting to the patient

(b)
Figure 18 Manufacturing processes for foot orthosis: (a) conventional and (b) AM[103].

However, custom O&P have better fit to the patient’s body and perform better than
the prefabricated O&P. Traditionally, custom O&P are manufactured using a labor
intensive plaster molding technique as it will be discussed in the following chapter.

In this scenario, the potential for AM has been demonstrated for rapid and cost-
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effective fabrication and transformative service of the custom O&P. The traditional
plaster molding technique to fabricate a custom orthosis is shown in Figure 18a and
require several step from the measurement of the body segment to the creation of
the positive model till the final shaping of the orthosis. The duration for traditional
manufacturing of an orthosis usually takes about one week. In a central fabrication
setting with technicians working three shifts, the manufacturing time of an orthosis
can be shortened to one day. For AM of orthosis, as shown in Figure 18b, Step 1 is
the 3D scanning of the body segment of the patient. In Step 2, the scan data is
processed using a CAD software to obtain a suitable file for 3D printing machine.
In Step 4, the path and support structure for AM of orthosis are designed. Finally,
the orthosis is fabricated and ready for use.

Even if a number of research studies have been conducted for the application of
AM in the design and fabrication of O&P, Several barriers need to be overcome in
order to enable the adoption of AM in the orthotics and prosthetics industry. These
barriers include: the lack of clinical and design interface for an AM system,
uneconomic throughput and material cost, and limited material strength [104-107]
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Chapter 2
Back brace for scoliosis

1. INTRODUCTION

The term scoliosis derives from the Greek word ckxoAlog that means curvature. In
Orthopaedics, it indicates a lateral curvature of the spine, which, normally, when
viewed from the front or back, doesn’t show any lateral deviation [1, 2]. Scoliosis
is a sideways curvature of the spine that occurs most often during the growth spurt
just before puberty [1, 3]. Even if scoliosis can be caused by conditions such as
cerebral palsy and muscular dystrophy, the cause of most scoliosis is unknown and
about 3% of adolescents have scoliosis.

The many causes of scoliosis include neuromuscular problems, and inherited
diseases or conditions caused by the environment. An estimated 65% of scoliosis
cases are idiopathic, about 15% are congenital, and 10% are secondary to
neuromuscular disease [4]. The prevalence of scoliosis in early childhood is about
1-2% [5], among adolescents it reaches about 5% [6] and it has been shown to
spread out in elder subjects [7].

Most cases of scoliosis are mild, but some spine deformities continue to get more
severe as children grow. Severe scoliosis can be disabling. An especially severe
spinal curve can reduce the amount of space within the chest, making it difficult for
the lungs to function properly [8].

Uneven
shoulders

Curve in spine

Uneven hips

Scoliosis}

Normal spine }

Figure 19 Example of idiopathic scoliosis

Idiopathic scoliosis represents a majority of cases, but its causes are largely
unknown. Recent studies indicate potential heritability of the disorder. About 38%
of variance in scoliosis risk is due to genetic factors while 62% is due to the
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environment. The circumstances of discovery of scoliosis are multiple. Screening
must be done during visits to the paediatrician, the general practitioner, during a
visit from school medicine or on the occasion of a fitness test.

Scoliosis can also be discovered by the child or his family because of body
morphological changes (mostly observed in summer during bathing activities).
Screening for scoliosis is based on the search for morphological abnormalities of
the trunk, testifying to the torsion spinal. Scoliosis can generate asymmetries
(height shoulders, positioning shoulder blades, waist fold), and especially the
presence of a gibbosity, witness of the rotation vertebral torsion and trunk torsion
(Figure 19). The existence of a gibbosity allows the diagnostic distinction between
scoliosis and the scoliosis attitude [9].

Back braces for the correction of curvature of the spine (scoliosis) have been
known for more than a hundred years [10]. Children who have mild scoliosis are
monitored closely, usually with X-rays, to see if the curve is getting worse. In
many cases, no treatment is necessary [8, 11]. Some children will need to wear a
brace to stop the curve from worsening. Others may need surgery to keep the
scoliosis from worsening and to straighten severe cases of scoliosis [12]. Orthotic
treatment in adolescent idiopathic scoliosis is used to manage or even reduce spinal
curvatures while waiting for skeletal maturation. By applying specific pressure
points on the torso, the brace treatment attempts to modify mechanically the
scoliotic spine shape and control progression of the spinal curvature [13]. The
efficacy of bracing for the treatment for idiopathic scoliosis is controversial, with
some authors reporting control of curve progression with bracing [14-16] and
others reporting that bracing fails to alter the natural history [2, 17]. Currently, the
main problems related to the use of traditional aids for postural support and
correction of musculoskeletal deformities consist in the high stiffness and weight
and the reduced transpiration of these systems, often causing irritation of the parts
of the body in contact, lack of comfort and low acceptance by patients. The
objective of the this chapter is to give an overview of the current state of the art
about the realization of back brace for scoliosis with an introduction of the
innovative approach that will be proposed in this thesis that combine innovative
materials and 3D printing techniques.

2. SCOLIOSIS

Scoliosis is defined as a lateral curve of the spine whit fixed rotation and permanent

deformation of the vertebrae. More precisely, scoliosis is a deformity of the spine
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in all three space’s planes: frontal plane (lateral curvature), horizontal plane
(rotation of the vertebrae) and sagittal plane (deformity in lordosis or kyphosis) [1,
3]. On the contrary, the true scoliotic curves are structural, characterized by
distorted vertebraec with the body shifted toward the convex side of the thorax;
moreover, the segment of spine with scoliotic curve shows a lack of normal
flexibility [18, 19]. So the vertebral column can be defined as an elastic supporting
structure, consisting of a series of semi-rigid bodies, the vertebrae, supported and
constrained by visco-elastic elements; the ligaments and disks represent the
intrinsic constraints, while the muscles, the rib cage and the abdominal cavity
represent the extrinsic ones [20]. The transverse variations of the spine are called
scoliosis (Figure 20) and can be functional or structural.
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Figure 20 Representation of the forces to be applied for the correction of the scoliotic back

According to etiology, the scoliosis can be distinguished into two principal forms:
congenital scoliosis and acquired scoliosis [21]. The congenital scoliosis reflects
anomalous development in utero and are due to congenital abnormalities, such as
failure of formation (wedge, hemivertebrae), failure of segmentation (unilateral bar,
fusion), myelomeningocele, meningocele, spinal dysraphism [1, 22]. The acquired
form must be divided into two groups: a) secondary scoliosis (or of known
etiology), due to neuromuscular (poliomyelitis), myopathic, mesenchymal,
metabolic, nutritional and endocrine disorders, traumatic causes (such as fracture or
dislocation, deformities following thoracoplasty, neurofibromatosis,
osteochondrodystrophies), Sheuermann’s disease, Marfan’s disease, Ehlers-Danlos
disease, infection, tumour (cord tumours), syringomyelia and rheumatoid diseases);
b) idiopathic scoliosis (of unknown etiology). The lateral deviations of the spine
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are divided into functional scoliosis and structural scoliosis [23, 24]. The former, to
be preferably defined as “scoliotic attitudes” to differentiate them from structural
scoliosis, develop only in the antero-posterior plane and disappear in a built-in
position; moreover, they do not involve morphological alterations of the vertebrae
and do not possess evolutionary characteristics [25]. Functional scoliosis, therefore,
does not represent a segmentary pathology, but rather a global phenomenon that is
expressed in the central nervous system and, more precisely, in the centers of
posture and balance. For this reason, it is good to call these deviations “primitive
scoliotic attitudes”. In other circumstances, they are characterized by phenomena of
compensation for longitudinal heterometries of the lower limbs or by pathologies
of various types but not necessarily related to the spine. Scoliotic attitudes are, in
general, self-resolving and the treatment, if the indication exists, is addressed not so
much to the spine as to the triggering causes [26].

The structural scoliosis, to which reference must be made when adopting the term
“scoliosis”, have, instead, a three-dimensional development, do not disappear in the
discharge phase, involve morphological alterations of the vertebrae, of the disks, of
the capsuloligamentous structures and of the rib cage. These alterations give the
deviation the typical characteristics of rigidity and evolution [20]. Idiopathic
scoliosis, in the absence of a treatment specific, can worsen until the achievement
of bone maturity.

2.1 Idiopathic scoliosis

The idiopathic scoliosis is the most common of all forms of scoliosis and accounts
for 80-90 per cent of cases. In this form of scoliosis, the deformity consists of
lateral deviation of the spine with rotation of the vertebrae [1, 25]. Frequently, a
single major curve is observed, accompanied by one or two compensatory curves
that compensate for the spinal vertical alignment. It occurs during the growing
years.

The idiopathic scoliosis is classified according to location, age at on set and
magnitude. According to location, the curves are described in relation to the
position of the end vertebrae and the apical vertebra Figure 21.
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Figure 21 End vertebrae and apical vertebra are shown. See in the page for legend

The idiopathic scoliosis have been classified by Ponseti and Friedman into five
classes [26, 27]. Cervicothoracic: the apical vertebra is T3, the upper end vertebra
C7 or T1 and the lower end vertebra T4 or T5. Thoracic: the apical vertebra is T8
or T9, the upper end vertebra at T6 or T7 and the lower end vertebra at T11 or T12.
Thoracolumbar: the apex is T11 or T12, the upper end vertebra at T6 or T7 and the
lower end vertebra at L1 or L2. Lumbar: the apex is L1 or L2, the upper end
vertebra at L11 or L12 or T1 and the lower end vertebra at L4 or L5. Combined
thoracic and lumbar: the thoracic curve has its apex at T6 or T7, the lumbar curve
has its apex at L2 [27]. The degree of vertebral rotation is estimated by the position
of the shadows of the pedicles and is classified into four grades [28]. Zero rotation:
the pedicle shadows are equidistant from the sides of the vertebral bodies. Grade I
rotation: the pedicle shadow on the convexity has moved from the edge of the
vertebral body. Grade II rotation: rotation intermediate between Grade I and Grade
1. Grade III: the pedicle shadow is close to the centre of the vertebral body; Grade
IV: the pedicle shadow is past the centre of the vertebral body.
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Once the curve and the end vertebrae have been identified, the magnitude and
extent of each curve is determined by Cobb-Lippman technique of measurement
[29]. The angle of the scoliotic curve is formed between two lines: a line is drawn
at the upper end of the cranial end vertebra along the end-plate (or by marking the
upper or lower edges of the pedicle shadows). A second line is drawn at the lower
end of the caudal vertebra at the inferior end-plate of the body (or the lower end of
the pedicle shadows). The angle is formed between two lines drawn at right angle
to the two-end vertebral lines (Figure 22).

The idiopathic scoliosis is a structural, lateral, rotated curvature of the spine that
arises in otherwise healthy children at or around puberty (Figure 23) [25]. The
diagnosis is one of exclusion and is made only when other causes of scoliosis, such
as vertebral malformation, neuromuscular disorder, and syndromic disorders, have
been ruled out. The aetiopathogensis of this disorder remains unknown, with
misinformation about its natural history [27]. Non-surgical treatments are aimed to
reduce the number of operations by preventing curve progression. Although
bracing and physiotherapy are common treatments in much of the world, their
effectiveness has never been rigorously assessed. Technological advances have
much improved the ability of surgeons to safely correct the deformity while
maintaining sagittal and coronal balance. However, we do not have long-term
results of these changing surgical treatments [30].
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Figure 23 Idiopathic scoliosis

Non-operative treatment includes the use of different type of brace, in relation to
the age and the location of the curve. Brace treatment of scoliosis remains the only
widely accepted and documented affective non-operative treatment of progressive
idiopathic scoliosis [2, 31-34]. The size of the curve tends to increase over the
entire lifetime, but the degree of progression over a lifetime and the time-at-risk
varies with many factors. Clinicians and patients need to be aware of the risk of
curve progression as they make treatment decisions. Factors predicting curve
progression include maturity (age at diagnosis, menarchal status, and the amount of
skeletal growth remaining), curve size, and position of the curve apex [30].

Besides the degree of lateral curvature, other factors such as high degrees of
thoracic lordosis and vertebral rotation and decreased respiratory muscle strength
affect pulmonary function. Unlike early onset (age 0—8 years) idiopathic scoliosis,
in which substantial loss of vital capacity and forced expiratory volume in first
could cause pulmonary hypertension, right heart failure, and death, these problems
rarely arise in AIS. Large curves (greater than 50°) with a thoracic apex have been
associated with reduced vital capacity and more frequently with shortness of breath
and severe cardiopulmonary disease.

The age at onset is the age at which the deformity is first noted, which is not
necessary the same as the time the curvature appears. Anyway, according to the age
at onset, the idiopathic scoliosis is classified into 5 groups: 1) scoliosis of the new-
born (from 1 month old to 12 months); 2) infantile (from 1 years old to 3 years); 3)
juvenile from 4 years old to onset of puberty (according to Stagnara approach, we
divide this stage into three subgroups: juvenile I: from 4 to 7 years old; juvenile II:
from 8 to 10 years old; juvenile III: from 11 years old to onset of puberty [35]); 4)
adolescent (from puberty to 18 years old); 5) adult (after 18 years old).

43



It is known that scoliosis appearing later in adolescence usually has a better
prognosis; in fact, the curvature ceases to progress about 1 year before complete
ossification. A rapid increase in the curve on serial radiographs has a poor
prognostic significance. Fortunately, only 5 to 10 per cent of idiopathic curves
become severe enough to require surgical treatment [36]. In general, the earlier the
onset, the worse the prognosis, because the idiopathic scoliosis develops during the
growing years; so a scoliotic curve that appears during infantile age can increase
much more than one appearing during adolescent age. Nevertheless, a large number
of new-born scoliosis disappears spontaneously without treatment; these are the
typical self-resolving idiopathic curves. This spontaneous resolution of the curve is
noted less often in juvenile and adolescent curves.

When the scoliosis started after ten years of age, the increase was gradual in most
of the patients [37]. The prognosis could often be evaluated after two or three
successive examinations, taken at intervals of three months. If there is the increase
of the curve, the prognosis was usually poor. On the other hand, if there was only a
minor progression of the curve during this period of observation, the prognosis was
much better. When the scoliosis started in children under ten years of age, it often
did not increase much for a few years and then increase suddenly. This scoliosis of
early onset usually carried a poor prognosis, in spite of its slow increase during the
first years, for this reason it is important to act soon [38].

2.2 Osteogenesis Imperfecta

Osteogenesis imperfect (OI) is characterised by fragility of skeletal bones [39]. The
cause is unknown. Cases may be grouped as pre-natal and post-natal, but there is
no clear-cut distinction between the two groups except in the date of the first
fracture that depends upon the severity of the disorder. Pre-natal cases are on the
average decidedly more severe; many die at birth or survive only a few days or
weeks. The exact proportion of surviving to fatal cases is unknown. A child may
sometimes survive several months despite birth fractures of many ribs [40].
“Osteogenesis imperfecta tarda” is the term often applied to the occurrence delay of
the first fracture. The scoliosis caused by this disease will be studied for the thesis
project [41]. The prevalence of scoliosis in association with OI is high [42].
Progression rates of scoliosis in children with OI are variable, depending on the
Sillence type of osteogenesis imperfecta [43].

Curves develop early (age five to six) and generally progress rapidly (Figure 24).
Early bracing, although somewhat effective, may well compress the soft
osteoporotic rib cage without controlling the spinal curvature.
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Figure 24 Osteogenesis imperfecta

The pulmonary compromise created by the scoliosis is compounded by the chest
cage deformity secondary to bracing. In the patient with severe disease (thin bones
and numerous fractures), posterior correction and fusion, with or without
Harrington instrumentation is the preferred approach. This should be done early, as
the osteoporotic bone does not tolerate the hook forces well; the correction is
correspondingly limited. The use of methylmethacrylate bone cement around the
hook provides redistribution of forces and more stable fixation. In the patient with
mild disease (thick bones and few fractures), treatment should be similar to that of
patients with idiopathic scoliosis. The chest cage should be carefully observed to
avoid deformity from placement of the lateral or posterior pad.

2.3  Treatments for scoliosis

The main index for establishing if a person has scoliosis is the deformation on the
frontal plane, whose severity is defined by the Cobb angle, i.e. the maximum angle
between the vertebrae, as depicted in Figure 25.

Choosing the most suitable treatment for scoliosis relies heavily on accurate and
reproducible Cobb angle measurement from successive radiographs. The objective
is to reduce variability of Cobb angle measurement by reducing user intervention
and bias. Custom software to increase automation of the Cobb angle measurement
from posteroanterior radiographs was developed using active shape models [44].
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Figure 25 Cobb’s angle

We can thus distinguish between mild scoliosis, when the Cobb angle is below 25°,
moderate scoliosis if it is between 25° and 45°-50°, and severe scoliosis if above
[7, 45]. The recommended treatments for moderate-sized scoliosis, especially for
pre-adolescent children, involve close visits to control the degree of scoliosis and
the practice of corrective gymnastics [25, 46, 47]. In the case of medium/high grade
scoliosis, it is necessary instead to provide a brace such as the corrective back brace
that is made to measure on the patient. Only for very high grade scoliosis is a
surgical operation called spinal fusion [48].

Figure 26 Treatments for the cure of scoliosis: (from left to right) corrective gymnastics, back
brace, surgical operation.

The typical treatment for mild and moderate scoliosis is based on physical exercise,
both for stretching and for strengthening the muscles, and on the use of an external
orthosis, called back brace (Figure 26).

There exist different versions and models of this orthotic device, from the very
rigid and old Milwaukee brace, to the newest and extremely soft SpineCor as will
be described in the next paragraphs. The correction is produced by passive
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response to the forces applied by the brace; or brace-wearing engenders active
contractions of trunk muscles, and those muscle forces correct the scoliosis (Figure
20) [49].

The purpose of orthoses is to act mechanically on an injured spine, either by
modifying its dynamic nature with external constraints or by favoring a better
distribution of loads in order to avoid a concentration of tensions. Since a stress
cannot, for anatomical reasons, be exerted directly on the vertebral column, the
orthosis must act, through interposed tissues and organs, through appropriately
selected constraints and pressure points, such as to condition the type and extent of
the desired forces, at the site of the injury [50].

The expectation of treatment with bracing is to prevent progression of the curve
until the patient reaches skeletal maturity, at which time the risk of curve
progression (and hence the risk of surgery) greatly diminishes. This type of device,
in most cases, consists of very rigid structures in thermoplastic polymer, which to
be truly effective must be worn continuously for many hours a day. The use of
these braces can be prescribed at any age, from the newborn to the elderly and
concerns a very wide range of pathologies. The aim is generally to impose a correct
body position, recovering the normal functions of the interested parties. In some
cases, when properly worn, these systems can guarantee the right blood circulation
and help the patient’s normal breathing [51].

Distinctive features of these aids are represented by efficiency, simplicity of use
and the possibility of combining the rehabilitation of the musculoskeletal system
with the cardio-respiratory system care methods. Unfortunately, the high stiffness,
weight and reduced breathability of these systems often cause sweating of the parts
of the body in contact, lack of comfort and low acceptance by the patients. In
addition to causing physical discomfort, these systems also end up also having a
negative psychological effect on younger patients.

If we consider the potential of these wearable devices in achieving the goals of
excellent care, better quality of life and the possibility of full social inclusion, we
immediately recognize the need to have systems with less space, better fit,
simplicity and psychological acceptability and lower cost. From this point of view,
the correct design and personalized realization (customization) could offer a strong
and practical contribution to the resolution of the aforementioned critical issues and
limit the physical discomfort of patients subjected to these treatments [47].

The back braces in charge of treating scoliosis are all made of thermoplastic
polymer, made to measure starting from the plaster cast (classic technique) or via
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CAD-CAM (computerized technique) and are based on the principle of three

points: a push on the main curve and two counterthrusts [52].

The evolution of plastic materials has made the construction of corrective back

orthoses easier and has improved tolerability [31]. All this, together with a

refinement of diagnostic skills and prognostic evaluations, has made the treatment

of scoliosis by means of orthopedic busts even more effective. The latter essentially

aim to hinder the aggravation of the curve and reduce unstructured deformations,

with obvious aesthetic success, through the following action mechanisms:

» Traction on the column axis;

» Derotation obtained by stressing the column axis from the convexity to the
concavity;

+ Lateral deflection thrust that requires two counter thrusts at the upper and lower
ends of the larger curve.

3. BACK BRACE FOR SCOLIOSIS

Bracing treatment intends to apply restorative strengths on the spine to discharge
stack on the inward (internal) some portion of the bend and increment stack on the
raised (external) some portion of the bend [2, 13, 15, 32, 53]. The idea is that a
bone encountering pressure will become less and a bone encountering diversion
(less or no pressure) may develop more. Bracing tries to back off the scoliosis
bend's bone development as an afterthought that should be prevented, and
accelerate development as an afterthought that necessities to accelerate. While
bracing will not regularly invert or remedy the scoliosis, it can moderate or
decrease any movement of the bend until the child/adolescent achieves skeletal
development. After this point, the bones fairly set so the bend is probably not going
to advance (if it is less than 40 degrees).

The correct components of bracing are still under scrutiny. However, research
shows that the brace should be rigid (hard) so that it can apply strong and
consistent pressure on the scoliosis bend to have an impact.

3.1  Types of Scoliosis Braces

There are a number of non-bending back braces available today to treat scoliosis.
These braces can shift in how weight is connected to the spine and ribs to keep a
scoliosis bend from advancing. Some non-bending braces require full-time wear,
regularly in the proximity of 16 and 23 hours a day, though others are just worn
around 8-10 hours for each night while resting [13, 16, 53].
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3.1.1 Boston Brace
The most commonly used brace for scoliosis today is the Boston brace (Figure 27).
Large number of people knows the Boston brace as a kind of thoracic-lumbar-
sacral orthosis (TLSO). Different kinds of Boston brace models are available, for
instance, a CTLSO (TLSO with a neck augmentation) for a high thoracic bend, but
they are not as common.

Figure 27 Boston brace

The Boston brace works by applying restorative weight on the angled (outside) side
of the curve and removing contrasting zones of assistance on the inward (interior)
side of the bend so the spine can advance toward that path [53].

3.1.2 Wilmington Brace

Wilmington brace is another commonly available brace for Thoracic-Lumbar-
Sacral Orthosis (TLSO). However, the Wilmington brace is quite different from
Boston brace (Figure 28). It is custom-fitted based on a replica taken from the
patient back curvature [14, 34]. After having the replica, the counteractive forces
are designed to the specific requirements of the patient’s spinal curvature. This
support goes onto the body like a tight coat and is known as a full contact TLSO
brace due to its lack of gaps or open spots [34].
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Figure 28 Wilmington brace

3.1.3 Milwaukee Brace

The Milwaukee brace was the first Cervico-Thoraco-Lumbo-Sacral Orthosis
(CTLSO), meaning that the brace extended from the cervical spine (neck), thoracic
spine (mid back), lumbar spine (lower back) to the sacrum (bone in the middle of
the pelvis). The Milwaukee design was originally used to keep patients from
moving after scoliosis surgery (Figure 29) [54]. The Milwaukee brace was later
adapted and at one time was the most commonly prescribed (but not the most
effective) scoliosis brace. Today we rarely see the Milwaukee brace design because
it is wrong application can cause significant damage to the jaw and neck of patients
[33].

Figure 29 Milwaukee brace
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3.1.4 Providence and Charleston Brace

The Providence and Charleston scoliosis braces are “part-time” braces designed to
be worn only at night (Figure 30). This type of brace has a significant bend and
cannot be worn for any length of time while standing [55]. The design is limited to
use while the patient is in bed sleeping. The original concept relied on the growth
of the child taking place mainly at night. By wearing the brace at night, it was
believed the child would grow into a straighter spine. Unfortunately, research has
shown that this type of bracing is only effective on very small curves. It is specially
made from the replica of the patient's middle. After the replica is made, the
remedial forces are included to the brace based on the measurements taken from
the spine x-ray [56].

S —
Figure 30 Providence and Charleston Brace

3.2 Back brace manufacturing techniques traditional vs proposed
approach

It is possible to classify the chest brace production processes into traditional,

modern and proposed processes as depicted in Figure 31 [57].
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Methods for designing and manufacturing
an individual orthopaedic back brace

Proposed approach

Modern approach

Traditional approach
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Figure 31 Proposed summary scheme of the distinct production processes presented in the present
paper.

3.2.1 Traditional approach

The traditional sequence of operations starts with the creation of a negative cast
with plaster of Paris bandages (Figure 32a). This is then filled with liquid plaster,
left to dry and solidify, and finally the orthotist scuplted the mold by making the
necessary corrections in agreement with the orthopedic (Figure 32b). Finally a
thermoplastic layer sheet of polyethylene (PE), polystyrene (PS) or polypropylene
(PP) is then applied onto the mold to produce the back brace that will be finished
with laces, padding and protections (Figure 32¢). Eventually the orthosis can be
worn by the patient to test it and apply small corrections to obtain a customized
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product. The entire production takes several days due to the drying time of the
plaster [32, 57].

Figure 32 Major steps of the traditional brace design process: (a) creation of a negative cast with
plaster of Paris bandages, (b) realization and refining of the positive mold and (c)
realization of the back brace through a thermoformed polymer sheet.

3.2.2 Modern approach

Recently, the introduction of some new technologies has changed this approach,
especially in the early stages of the orthosis creation process (Figure 33). With the
expression “modern process”, we consider the introduction of new technologies in
the first steps of the procedure that have already been adopted today in orthopedic
centers. More precisely the use of 3D scanners and associated software allow the
creation of personalized virtual models of the body surface, avoiding the need for a
negative cast with a clear saving of time and material (Figure 33a). The main
systems are provided by Rodin4D, Biosculptor and Vorum. Once the computer
models have been modified and finalized, they can be produced using numerical
control machines. An equipment, with a drilling system, works a cylinder of
polyurethane rotating at low speed (Figure 33b). The production is commonly
achieved using an anthropomorphic robot with a drilling end effector coupled with
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a rotating plate. The operator places a cylinder of polyurethane on the plate that is
then worked by the robot while twisting at low speed. The created positive model is
finally used to be wrapped with the plastic layer during the thermoforming step
(Figure 33c). This procedure avoids the creation of a physical negative model, thus
reducing the overall time to a full working day in best cases, by removing the part
required for the plaster to solidify. Nevertheless, the present virtual sculpting step
is not complete and requires a further manual sculpting phase of the milled positive
mold and, at the same time, it adopts a material that is not recyclable nor reusable
[7, 57].

Figure 33 Major steps of the modern approach: (a) 3D scanner of the patient, (b)the 3D CAM
machine realizes the polyurethane positive model, (c) the thermoformed polymer sheet
is thermoformed on the mold to obtain the final back brace

3.2.3 Proposed approach
After the innovations achieved in the first steps of the modern production process,
the production is now evolving further, trying to improve the second part as well.
The idea relies on the substitution of the thermoforming of the plastic plate on the
3D physical positive model with the introduction of the 3D printing [58].
Moreover, it has been tested in the field of orthotics and prosthetics (O&P) for
cases of wrist orthosis, pelvis splint and lower limb prosthesis socket, where the
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shape modelling was limited or simplified. In order to pass to such a manufacturing
process, the orthotist should adopt a fully virtual sculpting phase, abandoning the
creation of the physical positive model required by the thermoforming. The
proposed method, reported in (Figure 34), regards the combined use of 3D scanner
and AM techniques for the final realization of the back brace. The model that
comes out of the 3D scanner is subsequently tessellated (surface mesh STL/OBJ)
by using a specialized software, such as Autodesk Meshmixer (Figure 34a) [57].
After the creation of the CAD files the orthosis can be modelled by the previously
described software: RodindD, Biosculptor or Canfit [59, 60]. The file is
subsequently sliced by dedicated software and send to the 3D printing machine
(Figure 34b). Due to the big volume of the back brace the most convenient printer
is the one based on the Fused Deposition Modelling (FDM) technology, already
described in the previous chapter. Among the other advantages of the FDM, we can
mention the wide choice of materials available on the market and the low initial
investment required for both machine and materials.

Figure 34 Major steps of the modern approach: (a)3D scanner of the patient and modelling of the
CAD file, (b)3D printing of the back brace by FDM technique

After the model was printed, a series of standard operations was performed by the
orthotist to verify the post-processability of the product. These operations regarded
the support removal, the smoothing of the border and the drilling of holes for
applying the straps used for closing the orthosis on the patient’s body. The
accuracy of a back brace is a fundamental prerogative for a therapy [61].
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Old approach

Traction system
Invasive for the patient
Slow process
Need for more operators
Disposal of plaster
Creation of a plaster negative and a
plastic positive (double processing)

Brace realization
Need for creation of a positive
Need for disposal of the positive
Increased bulk of the final product
Higher costs

Current Approach

Proposed approach
Cad-cam system

Low cost of infrared sensors

Acquisition speed

Reduced discomfort for the patient

Greater system accuracy

No positive in plaster

No disposal of the plaster cast

3D printing

e Reduced processing time (direct transition from

scanning to printing)
e Low construction costs
e Greater wearability

e Possibility of extreme customization of the
product
e Greater lightness of the final product
e No waste material
Table 1 Comparison between traditional approach and 3D printing techniques for back brace
making

With the elimination of some steps of the traditional procedure, the reduction of
acquisition and production times considerably reduces the margin of error. To
further increase the accuracy of the back brace, there is also the greater control of
the system and the possibility of subsequently modeling it with the aid of a heat
gun.

Also not to be underestimated is the economic aspect: since both the acquisition,
the design and the consequent printing of a back brace are made in the 3D world,
there are no waste materials (unlike the traditional procedure which also foresees
the disposal of gypsum blocks) and the costs are considerably reduced [62].
Finally, the aesthetic aspect is also noteworthy because the different textures that
can be made, in addition to the aesthetic component, can also be used to improve
the biomechanical principles of the back brace.

Furthermore, in Table I a comparison between traditional, current and proposed
technique is reported highlighting how they are evolving and what are the
advantages brought by the new production approaches that involve digitalization
with respect to the old method of making the plaster cast with artisan processing.
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4. ENVIRONMENTAL IMPACT OF 3D PRINTING

The balance of lifecycle impacts of 3D printing has been investigated in some
initial studies in the area, with the conclusion that electricity in the in-use phase is
the dominant environmental impact. However, there are many uncertainties and
variations in such analyses. Whether 3D printing has lower or increased
environmental impact to alternative manufacture methods depends which
manufacture technique the 3D printer is replacing and the impacts being taken
into account in the assessment [63]

Industry 4.0 can provide support through continuous energy and resource
management. By providing detailed information on each point of the production
process, resource and energy use can be optimized over the entire value network
(this means optimal resource and energy productivity, optimal resource and
energy efficiency). In addition, systems can be optimized continuously during
production process in terms of resources and energy consumption or emission
output. This can make a substantial contribution to the sustainable development of
the company. It is also possible to consider resource and energy efficiency already
in the planning stage of the company by the optimization of rooms, spaces,
pathways or lines, by the design of centralized and decentralized supply and
disposal systems or by creating closed material and energy cycles [64]. Moreover,
the impact of utilization levels on energy consumption with 3D printing will
depend upon the specific printing technology. Some printers require extensive idle
energy in the form of atmosphere generation, warm up and cool down between
jobs, whilst others are able to print nearly without interruption FDM does not
benefit significantly from full capacity utilization and can be used to generate
output part-by-part without incurring a significant energy efficiency loss.
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Figure 35 Waste in the currently production of back brace

In the production of back braces, currently, energy consumption must be added to
the production of waste derived from the creation of the positive on which
thermoplastic polymer sheets are thermoformed (Figure 35). By producing the
back brace using 3DP techniques, the reduction of waste is huge and the material
used for the brace can be re-spun and reused in FDM technologies (Figure 36).

i\
P

Figure 36 Polymer filament extruder

There is uncertainty about the potential to recycle waste material and printed parts
due to potential changes in the material properties post-printing and pigments that
if used may interfere with plastic separation processes. Although there are
products in development that are intended to enable a closed loop recycling
process by shredding and/or extrusion of waste prints into new filament [65, 66].

58



Extrusion devices can save over 90% of the costs of purchasing filament, and can
enable production of filament on demand, in whatever length or colour is required
for a specific job [67, 68]. However, the use of additional devices needs to be
balanced with their added embodied energy and in use energy impacts.
Environmental impacts can be minimised by optimising part orientation and
number of parts printed simultaneously, by minimising waste in support materials,
by ensuring high usage of the minimal number of printers, and by optimising
material selection and processing for strength, surface finish, embodied energy
and melting point. In particular, in recent comparative studies, FDM processes
showed a greater potential for reduced environmental impact in small print
volume scenarios compared to other technologies [69]
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Chapter 3
An innovative process to produce back brace
scoliosis by 3D printing

1. INTRODUCTION

Scoliosis is a three-dimensional deformity of the spine and a musculoskeletal
disorder. In structural scoliosis, there is usually a certain amount of spinal torsion
and a disturbance of the sagittal profile coupled to the lateral deformation [1].
Therefore, scoliosis must be more accurately regarded as a three-dimensional (3D)
deformity of the spine and trunk, which may progress quickly during periods of
rapid growth [2]. The typical treatment for the treatment of scoliosis is composed
of physical exercise, both for stretching and for strengthening the muscles, and of
the use of an external device, called scoliosis brace [3]. Orthopaedic bracing is the
conservative treatment generally prescribed to control curve progression in
adolescent idiopathic scoliosis (AIS) showing curves between 20° and 40° of
Cobb angle [4-6]. There exist different versions and models of this orthotic
device, from the very rigid and old Milwaukee brace, to the newest and extremely
soft SpineCor [7-9]. If the first type is now less common because of the limited
comfort and low quality of life of the patients, the last seems to have a limited
effectiveness and is appropriate only to light scoliosis, under 20° of the Cobb
angle [10]. However, the treatment outcomes rely on multiple factors such as
timing with adolescent growth spurt, spine flexibility, and patient compliance to
treatment [11-13]. So, depending on the type and severity of scoliosis and on the
number and locations of the contact regions, the effects of orthopaedic braces can
be limited to stabilization or also spine curvature correction [14, 15]. There exist a
wide variety of orthopaedic braces depending on the type and severity of scoliosis
and on the available contact region [16, 17]. The aim of the device is to support
the chest and, in most of the cases, to realign the spine by applying a correction
based on the tree point bending system. The type of load depends on the extent of
deformation, on the location along the spine and on the characteristics of the
patient. The orthopaedist can decide for the proper brace and asks the orthotist to
apply the patient specific correction to the models [5, 10, 16]. In order to realign
the spine, the orthosis is shaped in a way that produces forces in precise regions,
unloading other region [18, 19]. Three main phases define the traditional back
brace fabrication: positive mold creation, sculpting and manufacturing. The full
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process is usually long, from a full day to a week depending on the technology,
and still expensive. At present, back braces can be produced using the following
two methods: i) design and manufacture of plaster of Paris, ii) design and
manufacture using 3D digitization and CNC milling. The traditional
manufacturing process that is currently adopted for the custom made orthosis is
based on the thermoforming of a plastic plate around the patient’s positive mold
[18]. This model can be obtained in different ways according to the available
technology and to the experience of the orthotists. The traditional method is to
reconstruct the negative shell mold of the patient using plaster of Paris bandages.
This is then filled with liquid plaster, left to dry and solidify and finally sculpted
manually by an expert orthotist. The entire production takes several days due to
the drying time of the plaster. The “modern” method, instead, regards the use of a
3D scanner to acquire the shape of the patient’s body and pass it to the computer
[10, 18]. A specialized software is adopted for a first phase that consists on
virtually sculpting and preparing the CAM file to control the computer numerical
control (CNC) machine. This machine, typically a lathe or robot arm, produces the
positive model milling a cylinder of polyurethane foam [5, 10].

Nowadays, the use of scanning technologies combined with computer aided
design (CAD) and 3D printing (3DP) have shown great advantages over
conventional techniques for the fabrication of customised medical aids, devices,
implants and accessories [20, 21]. Because of technological advances, 3DP has
recently gained recognition in medicine due to its potential benefits [5, 20, 22].
The greatest advantage that 3D printers provide is the freedom to produce custom-
made medical products and equipment [22, 23]. The use of 3DP to customize
prosthetics and implants can provide great value for both patients and physicians
due to its ability to produce items more quickly and cheaply than traditional
manufacturing methods [20-23]. Traditional manufacturing methods remain less
expensive for large-scale production; however, the cost of 3DP is becoming more
and more competitive for small-customized productions [24]. Moreover, 3DP can
be inexpensive, less time consuming and more controllable than traditional
manufacturing techniques for custom-made orthopaedic devices: costs for moulds
and waste produced in machining by chip removal are saved; milling, forging and
finishing phases are not necessary; less manual handwork is needed, reducing the
risks of human errors [23, 24]. Among 3DP techniques, FDM is the most common
and inexpensive method and is available for a wide range of materials such as
thermoplastic polymers, elastomers and investment casting wax as reported in the
previous chapter [25-27].
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In this chapter, an innovative rapid manufacturing approach for the fabrication

and characterization of customized orthopaedic back braces for scoliosis treatment

will be presented.

Moreover, due to limited information regarding the physico-chemical properties

of commercial filament, an accurate characterization of two commercial polymers

(PLA and PETG) have been conducted in terms of mechanical, thermal and

morphological properties to optimize the final printing process of the back brace.

In conclusion, it is possible to summarize the purposes of this chapter in the

following three points:

1) To investigate and evaluate suitable materials for the fabrication of back braces
by means of FDM 3DP;

2) To describe the reverse engineering and the production process of an
orthopaedic back brace by 3DP;

3) To realize a cost model for the realization of the back brace and compare it
with the traditional manufacturing technique.

2. MATERIALS AND METHODS

2.1  Preliminary material screening

Common materials currently used in the thermoformed and off-the-shelf braces
include PE, PP, Podialene. Their mechanical properties, i.e. Elastic Modulus,
Yield Stress and Elongation, were compared to those of the available commercial
filaments, using the CES Edupack software database. When selecting potential
filaments, we opted when possible for materials that are already broadly used for
biomedical applications.
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ABS PLA PETG Nylon ASA PC PP PVA

Ultimate strength 40 65 53 40-85 55 72 32 78
(MPa)
Durability yvvy oo/ VAAARERY AVAVARNRY AV AVARNRVAVAV AR AV AV AR £ 4
Coefficient of'Thermal 90 63 60 95 08 69 150 85
Expansion
(um/m-°C)
; 60- 40-
Price (per kg) 9-36 9-36 18-54  22-60  35-40  40-75 120 110
©
Printability VAV AV AV AR AV 4V 4 vv vv vv v v

220- 190- 230- 220- 235- 260- 220- 185-

Extruder Temperature | 5, 5 250 270 255 310 250 200

9]
Bed te;r:g;rature e ase0 7590 7090 [ e B aseo
Impact resistant v v vv vv vvIv Y v v
Water resistant v v vvvy v v v vvv v
Chemically resistant v v vvvy v v v v v
Flexibility v v vv vv v v vvyv Y
Fatigue resistant v v NAVAV AN AV 4V 4 v VIV I IS
Medical grade NA A A NA NA A A A

Table 2 Basic mechanical properties of typical materials available for FDM 3D printers

Among the materials listed in Table 2, PLA and PETG were the best scoring
materials, but PETG was preferred due to its better mechanical properties.

After a first screening of the potential filaments, hemicylindrical samples were
chosen as simple models of brace sections, to have a mechanical characterization
of materials in conditions that are as close as possible to the final application. The
main advantages of using such geometry are: i) the possibility to test the real
printing settings for the final back brace, as opposed to printing flat specimens; ii)
the hemicylinders are more stable than flat samples when printing vertically; and
i11) it allows the evaluation of deposition accuracy and correct adhesion in higher
layers with such curved path.
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The hemicylinders of 150 mm diameter, 50 mm in height and 2 mm of thickness
(Figure 37) were created with the CAD software Autodesk Inventor and exported
as stl file with the preset high level of accuracy, thus obtaining 1190 triangles. The
dimensions were decided after measuring the section of a real brace on the reverse
engineered 3D model. A short straight part of 30 mm was extruded on an end of
the hemicylinder as it is representative of the regions on the back of the brace,
where the curvature decreases and tends to zero. The file was imported in
Ultimaker Cura 3.6 that performed the slicing and applied the printing settings
creating the .gcode file. In order to improve the adhesion with the printing bed, a
small brim composed of 5 lines at the first layer was added.

Figure 37 Gcode and printed hemycilinder representative of a back brace section

The hemicylinder has been used as standard object to compare the different
materials and the printing settings in substitution to the traditionally proposed flat
printed specimens or to the ideal possibility to 3D print a whole orthosis for each
material and printing setting parameter. The hemicylindrical samples were
manufactured using an i3D® Pivotmaker 3D printer. Preliminary tests were
performed to identify the most appropriate printing settings for each selected
material, including: extruder temperature (TE), printing bed temperature (Tg) and
printing speed (Vp) as reported in Table 3.
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. . L. TE Ts Vp
Material Brand Description ° °
P O | () | (mm/s)
Filoalfa 235
PETG PETG 90 50
Sunlu 240
Filoalfa Alfaplus 205 50 50
TreedFilaments EcoGenius 208 60 40
Filoalfa Bianco 200 50 50
PLA -
TreedFilaments Shogun 200 60 50
Filoalfa Rosso 200 50 50
Filoalfa Trasparente 200 50 50
PLA-Graphene Filoalfa Grafylon 200 50 50
TPU Filoalfa BioFlex 200 50 50

Table 3 Printing parameters of the selected polymer (PLA and PETG)

Two polymers were selected for the realization of the 3D printed back brace: a
polylactic acid (PLA) and a polyethylene terephthalate-glycol (PETG) that will be
described in the next chapters. For each polymer, different commercial filaments

were considered (Figure 38) and a first mechanical screening have been conducted
by tensile test as described in the following chapter. The reasons for choosing
these materials are as follows:

e Health-conscious materials that do not cause medical complications in contact

with the skin;

e Both materials belong to the cheapest polymers that can be purchased on a
regular basis, so they are not difficult to produce;

e During manufacture itself, by the chosen technology, there is no complication
and no special conditions need to be created during the additive manufacture of
medical devices by the chosen technology [13];

e PLA material has features that are particularly suited to the application. This
material is a biocompatible polymer that, in some forms, is used for the
manufacture of various medical devices, whether for external or internal use

(i.e. placement in a human body). Another important feature is its forming
ability, under certain conditions. This material is so soft when it is heated over
the T, that it is possible to shape/form it.
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e PETG material is a health-conscious material that showed good mechanical
properties (strength, elasticity) among the polymers used in FDM technology.

e The detail description of material properties of PETG and PLA materials has
been researching and described in the following paragraphs.

Figure 38 3D printed hemycilinder with different types of commercial filament for the first
evaluation screening.

The properties of the 3D printed samples have been compared with a commercial
Polypropylene (PP) back brace realized with the traditional manufacturing
method. In addition, a commercial thermoplastic polyurethane filament (TPU)
have been also characterized for the realization of the internal part of the back
brace to improve the comfort of the orthosis once it will be used by the patient.

2.2 Polylactic acid (PLA)

Polylactic acid (PLA) is a thermoplastic polyester commonly used in FDM
technique. It is made from renewable sources like cornstarch, tapioca roots or
sugarcane [28-30]. An important aspect is that PLA degrades naturally when
exposed to environmental conditions. PLA is currently applied in various
industrial functions ranging from packaging of food materials and in some cases
medical implants that include temporary tissue screws, sutures and tacks (Figure
39). Over a few weeks PLA will dissolve in the body [29].

N

Figure 39 Structural formula of PLA and an example of PLA medical devices
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PLA can be classified in various grades which include scientific, food safe,
medical and type used in PLA printing. The melting point for PLA is around
180°C and usually it is combined with other plastics to make it stronger when
used in 3D printing [31]. PLA is not thermally contractive and is normally
efficient when used to print huge pieces. One shortcoming of PLA is its brittleness
if compared to other tough plastics. The other imperative thought when printing
parts with PLA fiber is understanding what temperatures the part will be subjected
to. PLA plastic begins to soften like rubber at temperatures of 80°C and will
disfigure if utilized in conditions that stay over those temperatures for any drawn-
out time.

2.3  Polyethylene terephthalate glycol (PETG)

Glycol - modified polyethylene terephthalate (PETG) is a thermoplastic polymer,
with an excellent high — impact and chemical resistance, simultaneously with
flexural strength. PETG is obtained from polyethylene terephthalate (PET) by
copolymerization [32]. Cyclohexane dimethanol (CHDM) is added to the PET
backbone in place of ethylene glycol making the resulting resin clearer and less
brittle than the original PET as depicted in Figure 40.

(8] O

DS D E
—O0—— CH—CH;——0 C%\i; n

)
——OCH; AQ_/S—CH —0—C|—/( § —c‘—]

b)

Figure 40 Chemical difference between the chemical structure of PET (a) and PETG (b).

The resulting copolymer has a lower melting temperature and is a useful material
for thermoforming applications that require complex shapes. Specifically, PETG
is a random copolymer consisting of 31 mol% PCT and 69 mol% PET. PET and
PETG both exhibit quite similar deformation behaviour, have a similar glass
transition temperature, and are visually nearly indistinguishable. Yet there is one
substantial difference: PET readily undergoes strain-induced crystallization,
whereas crystallization is nearly impossible to achieve in PETG at processing
temperatures [33]. PETG is used in many fields, including medicals, electronics,
automobiles etc. As a 3D printing filament, PETG has proven its worth as a
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durable material that is easy to use. It normally combines some significant
features of ABS filament which include mechanical properties and rigidity with
those of PLA materials [34]. 3D printed PETG parts exhibit good layer adhesion
and can be used to produce many end use parts, prototypes, jigs, and fixtures.

24 Characterization of 3D printed samples

The specimens for physico-chemical characterization were obtained from the 3D
printed hemicylinders. Materials were characterized in terms of mechanical and
thermal properties. Moreover, a surface analysis by scanning electron microscopy
(SEM) was conducted to understand the effect of printing parameters on the
surface finishing of the 3D printed parts. Two different fibres orientation have
been chosen for the mechanical test: parallel to fibres orientation to test the
material elastic modulus and perpendicular to the fibres orientation to test the
fibre-fibre interface. In addition, two different layer thickness were assessed for
the 3D printed specimens: 0.4 and 0.6 mm.

2.4.1 Tensile test

A tensile test is an essential qualification test for all engineered materials. Under
the tensile test the important strength parameters can be determined including yeld
stress (oy), yield strain (gy), elongation at break (gr), and Young’s modulus (E’).
This tensile test is done by applying a load longitudinally (lengthways) on
standard tensile specimen with known dimensions of the material. The tensile test
is applied at a specific strain rate until the failure of the specimen. The applied
load and expansion are recorded during the test to calculate the properties of
Ultimate Tensile Strength, Yield Strength, Percentage Elongation and Percentage
Reduction in Area. Tensile properties were evaluated at room temperature by an
Instron machine using a load cell of 1kN and a crosshead speed of 1 mm/min.
Dumbbell shape samples were cut from the 3D printed hemicylinder according to
the ASTM D1708 standard [35]. The study was carried out through analysis of
five samples for each type of scaffold. The test was performed at room
temperature considering two fibre orientations: parallel to the elongation direction
(L) and transversal to the elongation direction (T) (Figure 41). The tensile modulus
was calculated between 0.05% and 0.20% strain by a linear regression calculation.
Then mean value and standard deviation was reported in next chapter.
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Figure 41 Fibres orientation with respect to force direction for a) tensile and b) impact test

2.4.2 Charpy impact test

Charpy impact tests were performed to correlate the energy absorption of the
different materials with fibers orientation and layer thickness. The Charpy device
is a dynamic three-point flexural test of a notched specimen. Samples (13.0 mm
wide (w) 2.5 mm thick (t) and 60 mm long) with a notch depth-to-width ratio of
0.3 were fractured at room temperature by using an impact energy of 3.6 J and an
impact speed of 1 m/s. At least five samples for each material were performed by
using an Instron CEAST 6545 apparatus equipped with a Charpy pendulum
hammer (mass: 3.65 Kg) positioned at a starting angle of 30°. The experimental
setup consists on the specimen, the anvils where the specimen is freely supported,
a pendulum with a defined mass attached to a rotating arm pinned at the machine
frame. The pendulum is raised to a known height and allowed to fall. It falls
following a circular trajectory and hits the specimen at the middle span length
transferring kinetic energy to it and rising to a measured height. The difference in
the initial and final heights is directly proportional to the amount of energy lost
due to fracturing the specimen. The total energy of fracture (Et) is determined by
Eq.1[36].

ET=m'g(ho—hf) (1)

The test results are expressed in terms of amount of energy absorbed by the
material during fracture and was reported in Table 3.

As for the tensile test, impact test were evaluated considering two different fibres
orientation: parallel (L) and transversal (T) to the impact force as depicted in
Figure 41b. The absorbed energy per unit cross-sectional area (kJ/m?) or impact
strength E is defined as (following the standard ASTM D6110) [37].
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Where w and t are the width and the thickness of the specimen, respectively.

2.4.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was conducted using a TA Instruments
Q1000. The specimens (7-12 mg) were heated from 0°C to 250°C at 10°C/min,
cooled from 200°C to 0°C at 10°C/min and then re-heated up to 250°C at
10°C/min. Glass transition temperature and melting temperatures were calculated
from the first heating scan and results are reported in Table 5. DSC analysis have
been conducted on PLA and PETG sample pre- and post-processing in order to
understand the effect of 3D printing on materials thermal properties.

2.4.4 Surface morphological analysis

Scanning electron microscopy (SEM) was performed to obtain qualitative
information related to the surface morphology of the 3D printed parts as a
function of printing parameters. Analysing the quality of the interlayer adhesion.
The specimens were gold sputtered and observed with a FEI QUANTA 200 FEG
scanning electron microscope.

2.5  Brace manufacturing by FDM

2.5.1 Virtual design of the back brace

As written before, for the initial steps a commercial 3D scanner has been used for
the scanning of the patient. The model that comes out of the 3D scanner (Figure
42a) is tessellated (surface mesh STL/OBJ) using a dedicated orthopaedic
software for modelling and sculpting the virtual 3D model of the skin (Figure 42b).
The main systems are provided by Rodin4D, Biosculptor and Vorum composed of
laser scanners or cheaper sensors and dedicated proprietary software [38, 39].
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Figure 42 Processing step for the realization of 3D printed back brace: a) 3D scan of patient
body, b) 3D surface modelling based on patient needs, c) realization of stl file, (d)

Printing setup of the brace in Ultimaker CURA, where the model is depicted in red and
the supports in blue.

This software enable the direct deformation of the tessellated surface with
commands similar to the manual sculpting operations that the orthotist would
perform on the physical positive model.

The second step regards the application of the thickness to the 3D model (Figure
42¢). This step is necessary for passing the model to the software that realize the
slicing required for creating the commands of the 3D printer. However, this step
does not always perform well in all the software and so, after the sculpting phase
was completed in the Rodin4D software, we preferred to pass the brace model as
an open surface version in Rhinoceros in order to cut the edge and apply the
thickness in a more stable way. After the thickness has been applied, the 3D files
was exported in the STL format into software Autodesk Meshmixer in which was
possible to further reduce the number of triangles of the mesh and to work exactly
to the required number and size of the given triangles. These processes were
performed using the crossover functions, as in the previous case, and then by the
triangle number reduction function. In the last step, it was possible to create a STL
back brace model, which is automatically generated according to the number of
triangles in the mesh. The stl file was subsequently imported in the FDM machine
software for the slicing process and the creation of the support structures. As has
already been mentioned, the back brace manufacturing will be made by FDM
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machine due to the big volume of the printed object and the high speed of printing
if compared with other 3D printing techniques.

2.5.2 Back brace manufacturing process

The setting of the printer and the orientation of the orthosis in the printer are
critical for the result. Among all the parameters available in the slicing software,
for example Simplify3D software (Figure 43), the most important ones regard the
printing speed, the choice of the layer height and the temperatures of the nozzle
and of the printing bed. On a side, it is important to understand the limits about
the fusion and the suggested bed temperature associated to the chosen material in
order to exceed the melting point and provide good adhesion of the first layer. On
the other side, the combination with the nozzle size, the layer height and the
printing speed will determine whether the filament is able both to flow through
the nozzle and to stick to the previous layer.
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Figure 43 setting of the slicing and printing parameters for the final realization step of the back
brace.

General indications are usually provided by the filament producer and can be
found in literature or in specialized websites with tips from experts and other
users. However, the proposed characterization of this chapter has been conducted
in order to optimize the 3D printing process.
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3. RESULTS AND DISCUSSIONS

3.1  Preliminary materials screening

A first choice among the available materials can be performed comparing the
mechanical properties of the 3D printed selected materials with the polymers used
for the traditional braces. For a first screening, a tensile test have been conducted
on the filament reported in 7Table 3. Results of the mechanical characterization are
reported in Figure 44.
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Figure 44 stress-strain diagram for the selected commercial filament compared with the
properties of a traditional PP back brace.
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As it is possible to see from the first screening results, PLA showed a typical
brittle behaviour if compared to PETG properties. In term of elastic modulus both
PLA than PETG resulted more rigid than PP. However, big differences have been
found in the elongation at break (ep). In fact, &, of PLA is one order of magnitude
inferior to that of PETG samples. PLA showed the typical brittle behaviour with
no plastic deformation. The only interesting PLA is the PLA (Filoalfa) that has
good elongation at break and elastic modulus similar to the PP samples. Due to
the first screening results, three commercial filaments will be fully characterized
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in the next chapter from mechanical, thermal and morphological point of view:
PLA (Filolalfa), PETG (Sunlu) and PETG (Filoalfa).

3.2 Mechanical morphological and thermal characterization of selected
polymers

An extensive mechanical characterization was conducted onto the selected
filament to study the effects of layer thickness and fibres orientation on elastic
modulus (E’), ultimate strength (o) and elongation at break (ep) of printed
specimens. Results of the characterization showed that FDM parts presented
different mechanical response depending on how the layers were placed regarding
the direction of the load. The modulus of elasticity (E’), the ultimate tensile
strength (omax) and elongation at break (emax) of different configurations were
reported in Figure 45. Furthermore, sample from commercial back brace mad of
polypropylene (PP) and polyethylene (PP) were tested to compare the 3D printed
materials with the thermoformed ones. PP and PE showed an elastic modulus of
1114.75£72.20 MPa and 420.94+80.03 MPa respectively and an elongation at
break of 302.7459.7 and 1377.5+£198.6 respectively. As expected, the 3D printed
samples showed anisotropic mechanical behaviour depending on fibres/force
angle while layer thickness do not have great influence on mechanical
performance. Looking at the result it is clear that PETG showed better mechanical
properties in terms of both elastic modules and elongation at break. In tensile test,
when the fibres were aligned with the applied force (Figure 41a-L) the samples
showed the higher mechanical properties in terms of E” and emax both for PLA and
PETG. On the contrary, when the force applied forms a 90° angle with the fibres
(Figure 41a-T) the sample shower similar elastic modulus but elongation at break
substantially lower. This is because when the force were applied parallel to the
fibres direction (L) the sample strength is mainly dependant on the bulk material
properties while when the forced is applied transversal to the fibres direction the
sample strength is mainly dependent on the inter-fibres bonding. In this case, layer
adhesion significantly affects the tensile strength since the inter-fibres fusion
bonds between adjacent layers withstood most of the applied load. Comparison of
0.4 and 0.6 mm layer thicknesses showed that the layer thickness does not
influence the mechanical properties of the samples.
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Figure 45 Effect of layer thickness and fibres orientation on mechanical properties of PLA and
PETG samples

Looking at Figure 45 it is evident that PETG (Sunlu) and PLA (Filoalfa) expressed
the best mechanical properties in terms not only of elastic modulus but also of
elongation at break with an elastic modulus of 1377.30+73.63 and 1480.934+23.85
MPa respectively. However, the two polymers exhibit different behaviour in term
of elongation at break that are 211.00+11.00 % for PETG and 56.34+13.89 % for
PLA. PETG Filoalfa, also if showed good elongation at break presented an elastic
modulus too low if compared with PP and elongation at break inferior to the
PETG Sunlu.

Impact tests are very useful for understanding the basic fracture mechanics of a
material, as they measure the amount of energy that is absorbed by a material
during high-strain-rate conditions before failure. The essential function of an
impact test is to get a measure of the toughness or “fracture resistance” of a
material by measuring the amount of energy required to break a sample
completely [40]. Essentially, the measured energy is the total energy required to
initiate a crack in the sample and grow it for a length equal to the length of the
sample (for fracture resistance) or initiate and grow a fracture equal in surface
area to the sample’s cross-sectional area. Each sample set consisted of five

80



specimens for a given group of process parameters. The average impact strength
(Ec) were taken as the results and they were reported in Table 4. Looking at the
results it is possible to notice that build orientation significantly influenced the
impact resistance of the samples highlighting a remarkable anisotropy. The effect
of layer thickness on the impact strength was strongly dependent from fibers
orientation. In the case of L samples, impact loading was parallel to the adjacent
layers and so the applied load was mostly absorbed by the inter-layer boding.

} . . h Ec
Material | Brand | Orientation (mm) (kJ/m2)
L 0.4 3.16 £0.77
0.6 2.88 £0.44
Sunlu
T 0.4 122.27 £1.60
0.6 112.04 £4.33
PETG
L 0.4 1.17+£0.23
‘ 0.6 0.85+0.29
Filoalfa
T 0.4 10.72 +£2.30
0.6 7.73 £0.46
L 0.4 2.28 £0.29
' 0.6 2.29+£0.20
PLA Filoalfa
T 0.4 3.45+042
0.6 3.23+0.31

Table 4 Impact properties of the considered commercial filaments as a function of fibres
orientation.

Therefore, for L samples the test measure the quality of interface bonding between
adjacent layers and the layer thickness slightly affected the E¢ both for PETG than
for PLA. Looking at the results it is possible to notice that increasing the layer
thickness the Ec tended to decrease. This effect can be explained by considering
that with increased layer thickness, fewer layers were needed for a given total
thickness, and so the number of interlayer bonds was reduced and E. decreased.
Similarly, for the T samples, impact strength decreased as the layer thickness
increased. In this case, impact loading was perpendicular to the individual layers
and so the resistance is mainly dependent on the mechanical properties of the
fibres. In fact, they withstood most of the applied load for a given thickness
increasing layer thickness decrease the number of layers. Moreover, looking at the
result it is possible to see that the Ec values of PETG in T direction resulted two
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order of magnitude higher respect the values of PLA going from 122.27 kJ/m? of
PETG 0.4 mm to the 2.28 kJ/m? of PLA 0.4 mm. Therefore, it is possible to assess
that PLA samples showed a typical brittle behaviour both in T and L directions.
The result form mechanical characterization proved that PLA is not suitable for
the realization of back brace due its typical brittle behaviour than result too
different from the commercial PP actually in use in the orthopaedic field. On the
opposite, PETG samples revealed better mechanical properties in terms of
elongation at break and energy absorbed during impact and so it is more suitable
for the realization of the back brace.

Figure 46 Scanning electron microscopy image of 3D printed PLA and PETG samples showing
microscale roughness and layer interfaces quality for different layer thickness (a, ¢, e, g
magnification 100 X, scale bar Imm; b, d, f, h magnification 1000X , scale bar 100um).

SEM images in Figure 46 show the morphology of the PLA and PETG test
samples with increasing magnification. At 100X magnification (Figure 46a, c) it is
clear that the PETG samples showed a good surface finishing both for 0.4 and 0.6
mm layer thickness. Moreover looking at the images at higher resolution (Figure
46b, d) the samples revealed optimal cohesion between layers with a continuous
interface without defects. PLA samples (Figure 46e, g), instead, showed worse
surface finishing characterized by macroscopic defects. Furthermore, looking at
the images with higher magnification (Figure 46f, h) it is possible to see a
discontinuous interface between layers. The morphological analysis supported the
results of mechanical analysis highlighting a better surface finishing for PETG
samples with a smooth surface and a continuous interface between layers.
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Figure 47 DSC analysis for PETG and PLA samples per and post-processing

Figure 47 shows a DSC graph of heat flux (W/g) versus temperature (T) for the
PLA and PETG spool (pre-processing) and 3D printed materials (post-
processing). Results have been reported in 7Table 5. The spectra of PLA showed
three features typical of semi-crystalline thermoplastics, from left to right: heat
flux at the glass transition temperature (Tg), an exothermic peak associated with
cold crystallization, and a melting endothermic peak. The T, of the spool material
at the first scan is 62.39 °C and it is slightly higher than the T in the second scan.
Melting temperature (Tm) showed the same behaviour with low differences
between the first and the second scan. The T, of the printed PLA shifts to a
slightly lower temperature (58.49 °C), as well as T, that decrease from 152.72 to
150.57 °C. This effect has been seen by other authors in the case of PLA which
has been attributed to the formation of multiple crystalline states which can form
during printing process [41]. Indeed, both the spool material and printed sample
showed clear evidence of cold crystallization, a process associated with the
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exothermal self-nucleation of the crystalline phases above the glass transition
temperature. The cold crystallization peak is present in both samples, though it is
noted to shift from a peak centred at 117.2 °C to a broad peak centred at about
120.1 °C following printing. The spectra of PETG revealed a completely different
behaviour due to the amorphous nature of the polymers. In fact, PETG spectra
revealed only a Ty transition around 70°C but not crystallization and melting peak
have been recorded.

B Tq Tm AHm
&Y (&9) J/g)
1% scan 2 gcan I8tscan 2"scan  1%scan 2" scan

PETG Pre 70.80 75.55 - - - -

(Sunlu) Post 71.61 75.87 - - - -

PETG Pre 73.99 79.32 - - - -

(Filoalfa) | Post 77.26 80.33 - - - -

PLA Pre 62.39 59.65 152.72  150.00 14.95 25.68

(Filoalfa) | Post 58.49 57.92 150.57  148.53 23.95 23.12

Table 5 Thermal characteristic of the considered polymers pre- and post-processing.

These results are in agreement with the literature that reported the PETG as a
completely amorphous polymer. Also for PETG is possible to see low difference
between the spool and the processed materials with a Ty that goes from 70.80 to
71.61 °C for the Sunlu and from 73.99 to 77.26 °C for the Filoalfa. The differences
between the two materials could be ascribed to the presence of inorganic additives
or contaminants. The overall results may indicate that the printing process result in
changes in the nature and distribution of crystalline phases for PLA while slightly
affected the behaviour of PETG polymers.

3.3 3D printing of the back brace

The orthosis was printed in the vertical and upside-down position in order to
minimize the required supports (Figure 48a). Indeed, the top border of the orthosis
(under the breast of the patient) was straighter than the lower border (around the
hips) (Figure 48D). The chosen material was the PEG, due to the best mechanical
and morphological properties described in the previous chapters. The nozzle
temperature was set to 240 °C, which is in line with the range 230-250 °C
recommended by the producer of the filament. The build plate temperature was set
to 60 °C, in line with the suggested range 0-70 °C. We used a nozzle of 1.2 mm
that could create the final thickness of 2.2 mm in two complete lines per layer.
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Figure 48 Brace manufacturing. (a) Printing setup of the brace in the FDM machine, (b) 3D printed
brace in the printer and (c) test on patient after final refinement by the orthotist

After the model was printed, a series of standard operations was performed by the
orthotist to verify the post-processability of the product. These operations regarded
the removal of the support, the smoothing of the border and the drilling of holes for
applying the straps used for closing the orthosis on the patient’s body (Figure 48c).
The time for printing the brace was 4 h 33 min that can be compared to the
standard “modern” process. The final weight of the back brace was 560 g that
results very close to the actual weight of the thermoformed ones of 510g.

3.4 Cost model for the realization of the back brace by FDM technique

In this chapter of a cost model that is applicable for the proposed manufacturing
processes of the back brace will be developed starting from the cost calculation
model of Yim et al. [42, 43]. The parameters were then introduced regarding the
type of printer used (in this study an FDM 3D printer 13D Pivotmaker), the
materials used and the geometries of the back brace. The overall cost (C) was
estimated by accumulation of four sub costs: machine purchase cost (P), machine
operation cost (0), material cost (M), and labor cost (L) as shown in Eq.3.

C=P+0+M+L 3)
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P was computed by multiplying build time (7%) and purchase cost (P.) per hour as
showed in Eq.4. It was assumed that the machine has 95% productivity during its
useful life and so it is possible to calculate P as follow:

p= Tb X PC (4)
095 x 24 x 365 x Ve

The operation cost (O) in Eq.3 was computed in Eq.5 by the product of operation
rate (C,) and build time (7). The operation rate is an empirically determined
constant, correlated to factory overload, which is a complex function of
maintenance, consumption of utilities, and cost of space.

0=T,xC, (%)

The material cost (M) was computed in Eq. 6. The material cost was computed
based on material cost (Cn) per unit weight. Furthermore, material cost was
weighted by support structure factor (K;) that take in account the additional
material used to create support structure. The purpose of K is to capture the cost
of additional material usage for building support structures. Without support
structure, K, is 1 and additional support structure increases Ks, which increases
overall material cost M in Eq.3. Typically, Ks range from 1.1 to 1.5 and in our
study we set it at 1.2. N, v, and p represent number of parts, part volume, and
material density, respectively.

M=K;XNXBXC,Xp (6)

Finally, labor cost in Eq.3 was simply computed by the product of labor time (7;)
and labor rate (C;) as shown in Eq 7.

L=T,xC( (7)

In particular, the build time model (75), can be deduced from Eq. 8 reported
below. The construction time of the building was estimated from the sum of the
processing time (7s) and delay time (7) as shown in Eq. 8.

T, =T, +Ts 3

The delay time (7,) in Eq.8 is computed by accumulation of delays before and
after scanning each layer 7, and Tpos:) and start up time Tsoarup.
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Ty = Lp X (Tpre + Tpost) + Tstartup ©)

For processes that require 7, and Tpos, appropriate values must be identified
based on the machine’s process parameters. In the case of the FDM used for the
realization of the back brace, T, and 7)o are zero.

The scanning time (75) in Eq.8 is a function of approximate geometric information
as well as FDM process parameters. Therefore, computing 7 is more complex
and consists of several intermediate computations to find the number of parts per
batch, average cross section area, total scan length, and scanning time. The key
idea of Eq. 10 is to calculate the number of bounding boxes (bounding boxes) that
can be contained in an area of the two-dimensional platform.

In our case we set N = 1, since, considering the size of the back brace, it will be
printed one at a time. Eq. 10 shows the method of computing number of parts for
processes in which parts can be arrayed in two dimensions.

:(PLx'l'gx_ge)_l_(PLy'l'gy_ge) (10)
bb, + g, bby, + g,

Where the descriptions of PL, g and bb are reported in Figure 49.

SL PBF
& F:li%
I ./ LJ*

bbz# /I;b;‘,_ Bounding box

o N [ o

Figure 49: schematization of the printing surface and the bounding box

The term g. represents the space between the piece to be printed and the edge of
the platform. The average cross section area (4avg) is computed by Eqgs. 11 and 12.

Agy = Yetd-) (11)

Agvg = bpx X bpy X Agp (12)
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To approximate Aave, a correction factor called area function (4s) was computed
in Eq.12 where y is a volumetric ratio (actual volume + bounding box) and « is a
constant with typical value of 1.5, so:

The total scan length (s/) is computed by Eq. 13.

ngxLl, L (13)
Sl:Aavg(hrxd + fE)

Where ny is the number of single layer scans, h; is the distance between two
adjacent layer fibers, d the extruder diameter, St is the support factor and Is the
number of layers.

The key idea behind the calculation of the total scan length of Eq.13 is to calculate
the length of a single line covering the average area of each level. The product of
h; and d determines the distance between two adjacent laser scans. Thus, any area
divided by this product provides the scanning distance that covers the given
surface assuming the area is a rectangle. The total length of the scan was
calculated separately for the individual pieces and the supports separately and then
they were put together. For the molded parts, the number of scans and the number
of layers was multiplied by 4a., to obtain the total for the number of layers. For
the supports, the support factor and the number of layers was multiplied by Aag to
consider the effect of the diffuse distribution of the supporting structures and then
was put together for all the layers, respectively. The average scan speed (sSave) 18
computed in Eq.14 by the weighted (weight factor s,) sum of scan speed (sss) and
Jump speed between two pieces (ss;).

SSavg = SSsX Sy, + ss;x (1 — s,) (14)

Finally, the total scan time was computed by total scan length divided by average
scan velocity as shown in Eq.15

- N x sl 15
$ 7 3600 x SSgpg (15

The number of parts N was multiplied to accumulate scan length over all parts and
factor 3600 is used to convert 7T to hours. In Table 6 are reported the values of the
cost model parameters used for the back brace application. However, the accurate
estimation of those values will be highly dependent on the cost structure of the
company that owns the machines.
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PARAMETERS USED VALUE
P (€) 13420
Yiite (years) 7
C, (€/h) 4.75
K, 1.2
V (cm®) 539.21
Con (€/er) PLA =0.033
PETG = 0.029
b (grfom) PLA=1.24
PETG = 1.25
Ti(h) 1
Ci (€/giorno) 25
Tseartup (h) 0.25
bix X buy X by, (cm?) 32.37 x29.12%x25.73
Y 0.02
o 1.5
Nt 2
h, 1.4
d (cm) 0.1
Supfac 0.05
Ls 33
sss (cm/s) 4
Sw 0.7
ss;j (cm/s) 8

Table 6 Parameters used in the cost model

Table 7 report the quoted prices of the back brace based on our experimental setup.

The costs are

very similar for the two materials but certainly, compared to the

costs of the current back braces (around 600-1000 €), they give an idea of the
convenience that this new technology can bring to the production system of

orthopaedic back braces.
Layer PLA Back brace cost PETG back brace cost
(mm) © ©
0.4 293.30 290.28
0.6 201.72 198.70

Table 7 Estimated cost for making the back brace with varying material and printing parameters
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4. CONCLUSIONS

This chapter discusses the processes of design and manufacture of individual
orthopaedic back brace by 3D digitization and FDM technique. The idea have
been developed in collaboration with Clinica Medea (Bosisio Parini) in the
context of EMPATIA project. With the combined approach of 3D medical
imaging and FDM technique, it was possible to design and manufacture quickly
and efficiently orthopaedic back brace, which have many advantages for the
patients themselves as well as the doctors. They are:

e [ow material consumption;

e Automated production;

e FEasy, comfortable, airy and visually appealing solution for the patient;
e Cost savings;

e Higher accuracy of orthopaedic aids (by shaping the PLA material).

The current design process uses tools that can be improved by adding the
information that we can obtain by the medical images. In particular, it is important
to embed a part of reconstruction of the internal organs of the patients to be
inserted in the patient model acquired by 3D scanning. Having such information
would improve the resulting model of the scoliosis brace, considering the
interaction of the device not only with the skin but also with the underlying
skeleton. This could bring to the final version of the brace, avoiding the positive
physical mold, necessary to 3D print it directly. Different materials have been
proposed for the realization of the back brace: a Polylactic acid (PLA) and a
polyethylene terephthalate glycol (PETG). The selected materials have been
characterized from mechanical, thermal and morphological point of view in order
to optimize the printing process. Results showed that FDM parts presented
different mechanical response depending on how the layers were placed regarding
the direction, of the load. Mechanical characterization and morphological analysis
revealed that PETG parts showed better elongation at break and good interface
between layers and so it is possible to conclude that is the best materials for the
realization of back brace for medical applications. As we presented in the results,
printing a complete back brace is feasible and the overall time for the production
is comparable to the current one, but further research is required in terms of
material choice and printing setup. For example, mechanical tests should prove
the real characteristics of the printed product with the chosen parameters. We
could better understand how changing temperature, speed, nozzle size and layer
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height could influence in the properties of the real back brace and compare them
to the other braces that are currently manufactured by thermoforming.
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Chapter 4
Clinical Trials

1. INTRODUCTION

The clinical trial was conducted in collaboration with the orthopaedic clinic “La
Nostra Famiglia - Eugenio Medea” of Bosisio Parini (Lecco).

The main objective of the experimentation is the testing of the back braces
produced through the combination of medical imaging and 3D printing overcoming
the critical issues of traditional processes. The clinical investigation is a pilot study
that will involve pediatric patients suffering from rachis alterations (idiopathic
scoliosis and osteogenesis imperfecta) whose main objective will be the evaluation
of the acceptance, safety and satisfaction of patients in the use of 3D printed back
braces respect to the traditional ones with consolidated clinical effectiveness. The
pilot study collected quantitative data during the experimentation (inertial sensor,
infrared thermography) with the aim of quantifying in a preliminary manner any
differences between the printed brace and the thermoformed brace.

This is a pilot study, carried out to acquire preliminary information on the device in
order to adequately plan further development phases of the same, including design
changes. These studies are characterized by a small sample of participating subjects
and do not need to be dimensioned on a statistical basis. It is therefore considered
that a number of 10 subjects can be adequate for the expected duration of the study.
Sensitive data collected by the participants will be treated according to the
regulations in force and in respect of privacy. During all phases of the study, there
is always a qualified and trained personnel present.

2. INCLUSION AND EXCLUSION CRITERIA

The general demographics, medical history, and physical examination of the patient
were used to establish general admission criteria to the pilot test. The low-back
pain history and evaluation of patient trunk strength and range of motion provided
the outcome criteria for the study. Trunk strength and spine range of motion were
evaluated using standard protocols.

Inclusion Criteria

Patients involved in clinical trials are affected by idiopathic scoliosis or
osteogenesis imperfecta, according to the following criteria:
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— For patients with idiopathic scoliosis:

* Ages 6to 17 years.

* Lumbar or thoracolumbar scoliosis.

* Gibbo higher than 5° on the scoliometer.

* Angular values measured in degrees Cobb on the AP radiogram between
15° and 30°.

—  For patients with osteogenesis imperfecta:

* Ages3to 17 years.

» Vertebral pain and / or vertebral deformities with a biconcave lens and/or
deformity on the sagittal or frontal plane that can be partially reduced in
a clinical test of traction, deflection and derotation.

Exclusion criteria

Patients with the following diseases are excluded from the clinical trial:

3.

Skin allergies.

Behavioral and psychiatric disorders (e.g., emotional problems, anxiety,
panic attacks).

Dimensions of the trunk exceeding the printable dimensions.

PLANNED ACTIVITIES

The planned activities have been divided into the following phases:

1)
2)
3)
4)

S)
6)

3.1

Recruiting.

First visit: initial assessments and subject scanning.

Production of the brace.

Second wvisit: delivery of the printed back brace and intermediate
evaluations.

Third visit: return of the printed brace and final evaluations.

Data analysis.

Recruiting

Patients with idiopathic scoliosis and osteogenesis imperfecta have been recruited,

with inclusion and exclusion criteria indicated above. Only in the event that the
patient shows interest and consents to participate in this research, the Informed
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Consent Form for participation in the research will be signed. At the end of this
initial visit, the patient is scheduled for the first visit.

3.2 First visit

The duration of the visit is estimated at about an hour. The activities planned

during the first visit are the following:

— Clinical evaluation by the physician:

e Posterior, frontal and lateral observation, in orthostatic position;

e Measurement of the pelvis, test of reducibility in lateral flexion, possible
rigidity in the sagittal plane and their location;

e Measure on the AP and LL radiography of scoliotic curvatures and lateral
curves in degrees Cobb.

e Anthropometric measurements: weight and height in statics (height of the
trunk from sitting for non-ambulatory subjects).

— Scanning of the area of interest: the scanning takes place by the Structure
Sensor, a triangulation scanner with infrared structured light commonly used in
orthopedics for the acquisition of anatomical segments. The data acquired
represent with good fidelity the anatomy of the patient’s bust but they are only
preliminary information to help the doctor and the orthopedic technician for the
production of the back brace, which will also intervene in the subsequent phases
of the production process. This system is certified as a class 1 laser device. In
the risk analysis, the precautions that will be adopted to further reduce the
potential risks are indicated. All information is reported in a report that is then
used by the orthopedic technician to proceed with the creation of the back brace.

— Evaluation by inertial sensor: the subject will be asked to wear the G-Sensor 2
sensor (BTS Spa), a wearable sensor classified as a class 1 medical device for
gait analysis, while performing the following tests (with and without back brace
thermoformed, if available):

e Static acquisition with open / closed eyes (3 repetitions).
e Timed Up and go (TUG) test (3 repetitions-Figure 50).
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Figure 50: Evaluation by inertial sensor

— First questionnaire / patient interview, related to his experience of using the
thermoformed back brace.

3.3  Realization of the back brace

The production process is based on computer modeling of the orthosis. The

modeling activities will be carried out by an engineer who will work alongside the

orthopedic technician, under the supervision of the doctor. Two possible cases that

may occur during the clinical investigation will be presented below. In CASE A, an

existing traditional back brace is reproduced by additive production (3D printing),

in CASE B, the modeling of a new back brace starts from the anatomical scan of

the patient. For CASE A the production step is reported below.

l.a Using 3D modeling software (Rhinoceros, Autodesk Meshmixer), the first
operation concerns the cleaning of the scan file eliminating everything that
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does not concern the surface of interest and smoothing the surfaces to reduce
artifacts. The process then differs as follows.

2.a We proceed to the extraction of the surface of interest of the back brace. This
procedure is carried out adequately with the use of Autodesk Meshmixer
modeling software.

For CASE B the production step are the following

1.b Using the RodindD Neo modeling software the patient’s model must be
aligned according to the frontal, sagittal and horizontal axes. It is therefore
based on the indications reported in the report by the doctor and on the
experience of the orthopedic technician. It is therefore

2.b Identification of the area that must be corrected and the modifications to be
made: straightening of the column, thrust zones and expansion zones,
elongation to maintain a constant volume. These modifications represent the
equivalent of the operations that the orthopedic technician performs manually
with the traditional technique.

In both cases we reached a shaped surface representing the surface of the final back

brace. After the scanning process, the surface must be converted in a solid object

creating the desired thickness. The stl file is imported into print file generation
software (Ultimaker Cura). Once the parameters have been set, the print file is
acquired by the printer (WASP 4070 and I3D PIVOTMAKER) and produced using

PETG as filament. The back brace is manually finished by the orthopedic

technician to remove the supports, smooth the edges and apply the closing systems

(riveted laces). Eventually it could become necessary, as for the traditional back

brace, to add an additional soft layer of expanded polyethylene in areas critical for

contact, like the area around the edge under axillary.

Finally, an orthopedic technician draws up the manufacturer’s declaration of

conformity to Directive 2007/47/EEC. For the evaluation of the production

process, a sheet (manufacturing plan and back brace check) will be completed for

each back brace as reported in Figure 51.
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3.4
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Figure 51 Data sheet for manufacturing plan and back brace check

Second visit

The duration of the visit is estimated at about an hour. The planned activities are
the following:

Delivery of the back brace. If necessary, the back brace will be further refined
by the orthopedic technician following the instructions of the doctor and the
patient. The back brace will then be delivered, with the indication to wear it for
at least 22h/day for 2 weeks. The patient will be given a diary (Figure 55) with
the indication to report in writing the rough activities carried out during the
day.

Thermographic survey. The infrared sensor (One Pro, FLIR) converts the
bodies thermal radiation into a visible image (thermogram) (Figure 53), has an
accuracy of #2°C and a visual resolution of 1440x1080 pixels. Infrared
thermography is a non-invasive and harmless technology already used in
clinical settings, even pediatric, for the study of diseases that are potentially
associated with a change in surface temperature [1]. In the case of this, the
information collected will be used exclusively to assess the wearability of the
back brace.
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Figure 52 3D printed PEG back brace tested on a patient

3.5  Third visit

The duration of the visit is estimated at about an hour. At the end of the 2-week
trial, the patient returns the back brace and the following evaluations are
performed:

—  Evaluation of the status of the back brace.

— Return of the diary.

— Measurements with wearable sensor, repeating the activities described during
the first visit, but with and without the printed back brace.

— Second questionnaire/patient interview, related to his experience of using the
printed back brace.

3.6  Data analysis and tolerability evaluation criteria

We have seen how, thanks to the inertial sensor, it is possible to evaluate the degree
of mobility and ease in movements by wearing the back brace (Figure 50) but an
analysis on the tolerability of the back brace can also be done with infrared sensors.
The data acquired by means of an infrared sensor will be processed with analysis
software and will be used to highlight the anatomical fidelity of the printed back
brace compared to the thermoformed back brace.
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No brace Traditional brace 3D printed brace

Figure 53 Evaluation by infrared sensor

The thermography produced by the infrared sensor (Figure 53) shows that the back
brace showed better thermal dissipation compared to the thermoformed ones.

The acceptability of the back brace has been further tested with questionnaire for
the evaluation of tolerability (Figure 54) and personal diary (Figure 55) referred to
the activities performed during use.

The questionnaire also take in account the possible differences encountered by
patients in wearing the new back brace compared to the old models, also in terms
of self-image, indicating the degree of agreement by indicators from I1(not
acceptable) to 7 (best).

The data collected through a questionnaire are used to evaluate the acceptance of
the technology and the satisfaction in using the product back brace.
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Questionario 1
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Figure 54 Questionnaire for the evaluation of tolerability
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Those analysis of the data acquired during all phases of the clinical investigation
has made it possible to gather information on the acceptability, safety and
satisfaction of patients in the use of printed back braces.

Furthermore, it was possible to obtain preliminary information on the advantages
and limitations of the proposed innovative production process, which will allow the
introduction of any corrective and improvement actions to the same.

4. LIMITATIONS

Since this clinical investigation is a pilot study aimed at acquiring preliminary
feasibility information on the manufacture of a new custom-made device, it is not
possible to estimate a number of expected dropouts. However, some of the possible
causes of dropouts could be the following:

1) Problems during the production process not otherwise foreseeable that prevent
the production of the back brace.

2) Difficulty in using the back brace for the minimum pre-established duration.

3) Inability to wear the back brace due to manufacturing problems

The risks associated with the use of custom-made devices object of the present

clinical investigation are considered acceptable and comparable to the risks that a

subject that uses orthoses and/or aids for the mobilization of body districts may

face.

5. CONCLUSIONS

Adolescence, as a sensitive phase of a young person’s development, requires a
special degree of adaptation in the event of a chronic illness. For scoliosis patients
this means, for instance, facing up to cosmetic impairments and subjectively
significant physical defects. Scoliosis is a risk factor for impairment of the quality
of life of children and adolescents and its impact is particularly marked if brace
wearing is indicated. Particular attention needs to be paid to aspects of brace
compliance. Cognitively the patient must come to terms with a commitment of
time-consuming, confining, and sometimes uncomfortable treatment for a
condition that does not always cause physical symptoms. Support for patients
within the context of in-patient rehabilitative treatment has proved to be both
necessary and helpful.
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The development of an innovative production process based on a virtual processing
can allow a high customization and a better wearability of the back braces thanks to
a greater adherence to the anatomy of the patient. In fact, the 3D printed back brace
has the potential to better respect the patient’s anatomy, distributing the thrusts
homogeneously with consequent better acceptance and the possibility of greater use
times. Finally, 3D printing of back braces produces less waste material then craft
processing. Among the tested materials, the PETG responds in an optimal manner
to the needs of patients and physicians for the treatment of the pathologies included
in the clinical trial.

The new production process thus conceived allows: reduce production costs,
customize the back braces more and foresee a phase of recovery of the back braces
once disused (the material can be re-spun and reused with the same technology).
Moreover, the 3D printed back brace have been tested on patients and the first
patients analyzed have found benefits in terms of wearability, comfort and
psychological acceptability.
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