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Summary Resum Resumen

Incremental Sheet Forming (ISF) is a technology that has been mainly applied on metallic
sheets during the last two decades. Nevertheless, its use on polymeric materials is more recent.
Without distinguishing the raw material employed, ISF is used due to its flexibility, low
machine and tooling costs, low batch production, the possibility of producing complex
geometries and high degree of customization. For this reason ISF seems to be the ideal process
for prosthesis production. There are several research works on ISF technology for producing
biocompatible devices with titanium sheet metal parts, while there is scarce work regarding its

use with polymeric materials.

For this reason, the main objective of the thesis is to study the applicability of the ISF
technology, considering Single Point Incremental Forming (SPIF) and Two Point
Incremental Forming (TPIF) variants, on biocompatible polymers to obtain a real customized
cranial implant, which is the case study of the thesis. To achieve this goal, a methodology
based on the following steps is proposed: a) Experimental work in SPIF to produce basic
geometries using non-biocompatible and biocompatible polymers, b) Study of the influence of
the process parameters in the SPIF process of polymers, as well as its influence in formability,
c¢) Case study: customized cranial implant. Achieving the objectives established in these stages
will permit to improve the knowledge about ISF process in order to successfully manufacture

customized implants at a low cost and reduced time-to-market.
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La tecnologia de deformacié incremental de xapa (ISF) és una tecnologia que s’ha aplicat
majoritariament a la xapa metal-lica durant les ultimes dues décades. Malgrat tot, el seu is en
materials polimers és molt més recent. Independentment del material de partida, les aplicacions
tipiques d’aquest tipus de técnica es caracteritzen per la flexibilitat del procés amb costos baixos,
possibilitat de produir en lots petits, la possibilitat d’obtenir geometries complexes i en la
personalitzacio del producte final. Aquestes caracteristiques del procés fan que un dels camps
d’aplicacié de la tecnologia sigui la fabricacié de protesis. En aquest sector existeixen ja treballs
en els que s’ha aplicat la tecnologia ISF en xapes de titani, per ser un material biocompatible.

Mentre que la seva aplicacto en polimers biocompatibles es practicament inexistent a la literatura.

Per aquest motiu, Uobjectiu principal de la tesis és el d’estudiar Uaplicabilitat de la tecnologia
ISF, en les seves variants de Single Point Incremental Forming (SPIF) it Two Point
Incremental Forming (TPIF), sobre materials polimers biocompatibles sota la geometria que
proporciona el cas real d’una protest de crani personalitzada. Per poder aconseguir-ho es proposa
una metodologia basada en els segiients passos: a) Experimentacié en SPIF de geometries
basiques utilitzant polimers no biocompatibles i biocompatibles, b) Determinacié de la influéncia
dels parametres de procés en SPII de polimers, aixi com la seva influéncia en 'augment dels
limits de formabilitat, ¢) Cas d’estudi: protesi de crant personalitzada. L’assoliment d’aquestes
etapes permetrd obtenir de forma satisfactoria protesis personalitzades de crani amb un baix cost i

un temps de fabricacio reduit.

La tecnologia de deformacién incremental de chapa (ISF) es una tecnologia que se ha
aplicado mayoritariamente a la chapa metdlica durante las dltimas dos décadas. Sin
embargo, su uso sobre materiales polimeros es mucho mas reciente. Independientemente del
material de partida, las aplicaciones tipicas de este tipo de técnica se caracterizan por la
flexibilidad del proceso con costes bajos, posibilidad de produccién en lotes pequeiios, la
posibilidad de obtener geometrias complejas y en la personalizacién del producto final. Estas
caracteristicas del proceso hacen que uno de los campos de aplicacién de la tecnologia sea la
fabricacién de protesis. En este sector existen ya trabajos en los que se ha aplicado la
tecnologia ISF en chapas de titanio, por ser un material biocompatible. Mientras que su

aplicacién sobre polimeros biocompatibles es practicamente inexistente en la literatura.

Por este motivo, el objetivo principal de la tesis es el de estudiar la aplicabilidad de la
tecnologia ISTF, en sus variantes de Single Point Incremental Forming (SPIF) v Two Point
Incremental Forming (TPIF), sobre materiales polimeros biocompatibles bajo la geometria
que proporciona el caso real de una prétesis craneal personalizada. Para poder lograrlo se
propone una metodologia basada en los siguientes pasos: a) Experimentacién en SPIF de
geometrias bdasicas utilizando polimeros no biocompatibles y biocompatibles, b)
Determinacién de la influencia de los parametros de proceso en SPIF de polimeros, asi como
su influencia en el aumento de los limites de conformado, ¢) Caso de estudio: prétesis de
craneo personalizada. La cumplimentacién de estas etapas permitird obtener de forma
satisfactoria prétesis personalizadas de craneo con un bajo coste y un tiempo de fabricaciéon

reducido.



Chapter 1. Introduction

Chapter 1 presents a general introduction of the incremental sheet forming technology and

gives the justification and the motivation for this thesis.

1.1 Incremental Sheet Forming: general overview

Deep drawing is one of the most common forming processes used in industrial applications
due to its low cycle time and process maturity. In order to carry out this process it is
necessary to manufacture a tooling system (die, punch, binder, etc.) specific for each
product. The tooling system has to be manufactured using high resistant materials able to
withstand the high forces generated in the process. Furthermore, high accuracy must be
guaranteed to avoid collisions between parts of the tooling system and ensure the final part’s
dimensional accuracy. To reach these requirements the materials used for the tooling system
and the manufacturing processes utilized to obtain it are very expensive. The cost of the

process is only justified for high volume production. This effect can be observed in Figure
1.1.

In order to be able to produce highly customized products at a reasonable manufacturing
cost, several innovative forming processes have been developed. Incremental Sheet Forming
(ISF) is one of these new technologies and it has gained importance in the last years,

becoming the focus of interest for many researchers and institutions.
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Figure 1.1. Graphical representation of the unitary cost as a function of the batch production size for

the forming processes deep drawing and ISF (adapted from Tuomi and Lamminen (2004)).

The first research work related with the ISF process was done by Mason, in 1978, as it has

been reported in the historical review of Emmens et al. (2010).

Although the first reference of the technology is dated more than three decades ago, is not
until 2004 that ISF process research attracted the attention of research groups of different
universities around the world (Figure 1.2). The increasing effort in the development of the
technology is aligned with the changing trends in manufacturing like the more frequent use
of small production batches or one-of-a-kind products in order to meet the customer’s

requirements and obtain customized product features.

Figure 1.2. Evolution of the number of papers published in indexed journals from 1970 to 2015

(information retrieved from Scopus data base).
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Among the ISF research topics, the use of polymers, has increasingly gained importance
from 2009 to the present, as represented in Figure 1.2, becoming a niche field and the main

focus of the present dissertation.

Analyzing the world map distribution of the number of publications related to the
Incremental Sheet Forming topic (Figure 1.3) it can be observed that China is the country
that has paid more attention to this process and it can be considered the pioneer of ISF in
terms not only of number of publications but also on number of patents, followed by

Germany and United States.

Figure 1.3. World map publication number distribution concerning Incremental Sheet Forming from

1970 to 2015 (information retrieved from Scopus data base).

1.2 Interest

This thesis is developed within the framework of the Research Group on Product, Process
and Production Engineering (GREP) in the University of Girona, as a contribution to the

development of one of its main research lines, in collaboration with the University of Seville.

The expertise of the research group regarding ISF technology has its origins in 2009,
promoted by a grant from the Spanish Ministry of Innovation, Science and Technology
(DPI12009-098052, TECNIPLAD). The objectives of that research project were twofold: (i)

to deepen the knowledge of innovative manufacturing processes such as Electrochemical
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Discharge Machining (EDM), Laser Milling (LM), Direct Metal Laser Sintering (DMLS) and
Incremental Sheet Forming (ISF); (ii) to develop assisting systems for the selection of
process parameters in order to be useful, helpful and applicable for all types of companies,
working off-line and in-line. From the results of this project it was possible to participate in
several international conferences (Bagudanch et al., 2011a, 2011b; Garcia-Romeu et al.,
2012; Pérez-Santiago et al., 2012a, 2012b, 2011; Puigpinés et al., 2012), and a doctoral thesis
was developed (Pérez-Santiago, 2012).

Driven by the growing demand for more effective, appropriate, and affordable health
products, new customized medical devices are being developed opening a new market
opportunity for the technological and industrial sectors. Nevertheless, there is a marked lack
of knowledge exchange among stakeholders (doctors, patients, engineers) when it comes to
medical product design and development. Doctors and patients need to transmit their
necessities and requirements to the engineers in order to generate more efficient devices. This
was the start point of a European project lead by GREP research group: International
Research Exchange for Biomedical Devices Design and prototyping (IREBID), a Marie
Curie funded project (FP7-PEOPLE-2009-IRSES-247476).

From the join of the ISF background and the new opportunities offered by the research
developed in the biomedical field, in 2012 started a new research project funded by the
Spanish Ministry of Science and Innovation (DPI12012-3604, ADIFAP), aiming to study and
characterize the ISF process using biocompatible polymers in order to produce customized
cranial implants. This is how this thesis arises, using the joint-venture in the knowledge
already had in the research group and the need to increase it to try to answer the growing

demand for customized implants.

Besides the aforementioned projects, which constitute the basis of this thesis, there are other
research projects that are related with the ISF technology and have also contributed to

enhance the background and expertise of the research group and its research partners:

DPI2012-32913, DP12015-64047-R and DPI12016-77156-R.

1.3 Motivation

In the traditional processing techniques of plastic materials it must be applied heat and/or
pressure to give the desired shape to the material (injection molding, thermoforming, etc.).
In fact, temperature has a very important role in the behavior of plastic materials, specially
referred to the phase transition, fluency characteristics, morphology and degradation. These
processing techniques require high production batches to recover the costs derived of
machinery, tools and energy. With this aim, it is necessary to develop new technologies that
allow the production of smaller batches with shorter life cycles and a very low time to
market. Using ISF the production costs can be reduced as far as it is possible to work with

polymers at room temperature and the experimental set-up necessary to carry out the
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process is quite simple. In this sense, it is an economically viable manufacturing process to

produce small batches and customized plastic products.

The following lists of benefits and drawbacks can serve as a summary of the different aspects

related to ISF (Table 1.1).

Table 1.1. Benefits and drawbacks.

Benefits

* Changes in part's design can be quickly and easily performed, being a
flexible technology.

* Significantly improvement of material formability compared to the
traditional forming processes.

* Easily implemented in a CNC milling machine.

* Due to the process nature, the forming forces are low.

* Good surface finishing can be achieved.

Drawbacks

* High forming time.
* Limited to low batch production or unique products.
* Significant springback effect, reducing the geometric accuracy.

This thesis is based on the following initial hypothesis:

By increasing the knowledge regarding the use of polymeric materials for manufacturing
basic geometries with Incremental Sheet Forming it will be feasible to produce complex

customized biomedical implants at a low cost and reduced time-to-market.

To achieve it, it is necessary to work on the issues established in the next section.

1.4 Objectives

The main objective of this thesis is to increase the existing knowledge in ISF process,
specifically for obtaining polymer parts, evaluating and defining the parameters involved to
improve the process based on the analysis of quantitative outputs. This should help to

provide process guidelines useful for manufacturing complex and customized products.

This thesis aims to develop studies and experiments needed to reach a high level of

knowledge of the process and to provide significant contributions to this field.

More specifically, the objectives of the thesis are:
e Study of the influence of the process parameters on the results obtained for the
testing basic geometries manufactured by Single Point Incremental Forming (SPIF)

for non-biocompatible and biocompatible polymers.
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e (Characterization of the polymeric materials from the mechanical and thermal point
of view and establish the failure mechanisms.

e [Evaluation of the feasibility of using polymeric materials for two of the most
common ISF process variants: SPII and TPIF (Two Point Incremental Forming).

e Validation of the process for biomedical applications, more in detail, for

manufacturing customized cranial implants.

Achieving the objectives established will permit to improve the knowledge about ISF

process in order to successfully manufacture customized implants.

1.5 Thesis structure

The Thesis is organized as follows:

Chapter 1 presents the general domain of the thesis, brief introduction of the ISF technology

and exposes the interest, motivation and objectives persecuted in this work.

Chapter 2 reviews the state of the art of ISF. First, presents the ISF process variants and
process parameters. Afterwards, presents an extensive review about the use of polymers in

ISF and the outputs commonly studied.

Chapter 3 presents an experimental study of the Single Point Incremental Forming (SPIF)
process parameters influence on the maximum forming force, the maximum achieved depth

and the surface roughness for a non-biocompatible polymer, polyvinylchloride (PVC).

Chapter 4 presents an experimental work to: (i) analyze the time share, power and energy
consumption in SPIF; (ii) to select the most suitable process parameters to achieve an
appropriate compromise between final depth, surface roughness and energy consumption
and (iii) calculate the cost of the experiments. In this work two non-biocompatible polymers

are used, PVC and polycarbonate (PC).

Chapter 5 deeply studies the effect of the main process parameters (tool diameter, spindle
speed, feed rate and step down) on the maximum forming temperature for three non-
biocompatible polymers (PVC, PC and polypropylene or PP) and two biocompatible
polymers (ultra-high molecular weight polyethylene or UHMWPE, and polycaprolactone or
PCL).

Chapter 6 revisits the formability and failure modes of polymers sheets deformed by SPIF
and studies the effect of the spindle speed on the forming limits.

Chapter 7 proposes a functional methodology to produce cranial prosthesis in non-

biocompatible polymeric sheet (PC), analyzing the spifability of a series of polymeric sheets
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and carrying out a case study with the aim of determining the potential of this process to

obtain partial cranial prostheses with complex geometries.

Chapter 8 demonstrates the feasibility of Two Point Incremental Forming (TPIF) to
produce a customized cranial implant using a biocompatible polymer (UHMWPE), ensuring

an appropriate geometric accuracy at a relative low cost.
Chapter 9 provides a general discussion of the results presented in the thesis.
Finally, Chapter 10 presents the conclusions and main contributions of the dissertation.

Figure 1.4 summarizes the relationships between the different chapters of the thesis.
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Figure 1.4. Thesis road map



Chapter 2. State of the art

Chapter 2 reviews the state of the art of Incremental Sheet Forming (ISF). First, presents an
introduction to the technology, based on the functioning principles, variants of the
technology, process parameters and process outputs commonly studied. Afterwards, the
literature review is focused on the use of polymeric materials in ISF and the constitutive
equations useful for modelling polymer behavior. Then, the potential application fields of
polymer incremental forming are analyzed using a business tool to track the influencing
external factors. Finally, the last subsection summarizes the gap of knowledge identified
from this review, which will establish the basis of the research carried out in the present

dissertation.

2.1 Introduction

The functioning principle of ISF is simple: based on the geometry of the target component, a
tool path planning software generates the trajectory to be followed by a CNC controlled
machine. A forming tool attached to the driving machine deforms incrementally the sheet
blank, which is clamped at its boundaries. Deformation occurs at successive layers below the
initial sheet surface until the geometry of the part is generated (Figure 2.1). The incremental
movement implies that the processing time is long (usually within hours, depending on the

part size) compared with deep drawing which can produce a part in a few seconds.

11
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The forming tool used in ISF process is not dedicated for a specific product but can be used
in a wide range of parts with different geometries and characteristics. This feature becomes
one major advantage of the process: its high flexibility. Another advantage can be derived
from the fact that the cost related with the manufacturing of the punch is low, making the

ISF technology economically viable for low batch production (Jeswiet et al., 2015).

Figure 2.1. 3D schematic representation of the process.

In the early days of the technology, only metallic materials were experimentally tested,
therefore, the technology was also known as Incremental Sheet Metal Forming (ISMF).
Nowadays, this nomenclature is not used due to the diversification of materials that can be

employed in the process.

Commonly, the metallic materials used in ISF are soft aluminum alloys (AA1050)
(Ambrogio et al., 2004; Araghi et al., 2009; Fratini et al., 2004) or some steels: DC04
(Bambach et al., 2009), AISI304 (Aerens et al., 2010; Ceretti, 2004), etc. The main reason of
using these materials is that they are relatively easy to deform at room temperature. They
have been used very frequently and therefore their behavior and properties under ISF
conditions are widely known. More recently, researchers are focused on other metal
materials such as magnesium alloys or titanium, as it will be deeply reviewed in Section
2.2.3.

Afterwards, the process has also been applied to polymers. The combination of polymers and
incremental deformation has as main advantage that can be done at room temperature,
thereby reducing heat generation costs required in most processing techniques of plastics.
The present thesis is basically focused on forming polymeric material using ISF, therefore,
an extensive part of the state of the art will be dedicated to this research topic (Sections 2.5

and 2.6).
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2.2 ISF variants

The ISF process can be conducted in any numerically controlled 3-axis machine as they
allow high feed rates, significant work volume and stiffness. Indeed, one of the most
frequent resources used for ISF is a non-dedicated CNC milling machine because it is
available in most workshops, meaning that it is not necessary to make a large investment in
machinery. Besides the forming tool, a forming setup including a clamping system is
required to convert a milling machine into an ISF system, therefore it is a relatively

economic solution (Jeswiet et al., 2005b).

There is also machinery especially dedicated to the ISF technology, such as the one
developed by AMINO. These machines are equipped with a movable clamping system,

allowing the realization of different process variants (Ingarao et al., 2014).

A third type of equipment that can be used to realize ISF is an industrial robot. The main
limitations are the low stiffness and maximum force that it can withstand. The die can be

substituted by another robot acting as a support tool (Ingarao et al., 2014).

2.2.1 Single Point Incremental Forming (SPIF)

In terms of set-up, this is the simplest variant of the technology and the most deeply and, as
it will be seen throughout this section, it is also the most widely studied in the academic field
due to its high flexibility and low cost. There is only one point in which force is applied: the
contact zone between the forming tool and the blank sheet (Figure 2.2). In this case neither
partial nor total die is utilized; hence, the blank is only supported at the edges by the
clamping system. Precisely due to the lack of a die, the main drawback of this variant is the
low accuracy, mainly as a consequence of the global springback that occurs once the final
part is unclamped. In order to compensate the geometrical deviation, one of the commonly
used solutions is the modification of the toolpath to impose larger deformation on the sheet.

Then, when the springback effect occurs, the sheet will be located in the desired point.

Figure 2.2. SPIF variant (Allwood et al., 2010).
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2.2.2 Two Point Incremental Forming (TPIF)

In this case there are two points in which the force is applied, hence the name of this process
variant. The first point, as in SPIF, is in the contact zone between the forming tool and the
blank. The second point is at the blank-die interface. The die can be total (Figure 2.3a,b) or
partial (Figure 2.3c) and the die, and consequently the forming process, can be negative
(Figure 2.3a) or positive (Figure 2.3b,c). In the negative case, the tool is in contact with the
inner side of the part, while the outer side of the part is contacted in the positive case. In the
later situation, the complexity of the set-up increases because there is need to move the

fixing device in perfect synchrony with the axial feed of the tool.

The die can be manufactured using materials that are cheap and easy to machine (wood,
resins, etc.). Therefore, the costs associated with the die production are still not comparable
with the ones related to the production of dies used in deep drawing processes.

Consequently, the TPIF technology is also viable to manufacture small batch products.

Although the complexity of the set-up is higher in TPIF than in SPIF the dimensional
accuracy obtained in the former variant can be significantly improved (Attanasio et al.,
2008).

a) b) c)

Figure 2.3. TPIF process variants: a) negative full die, b) positive full die and c) positive partial die
(Allwood et al., 2010).

2.2.3 Hot ISF

This variant is the combination of the ISF technology (either in SPIF or TPIF variant) with
a heating system. The most important advantage of using the heating system is that the
formability of the sheet can be significantly increased. There are few research papers that
have been focused on the performance of warm ISF, mainly applying this variant in
materials that are very difficult to deform at room temperature like magnesium (e.g. AZ31)
or titanium alloys (e.g. Ti6Al4V). Therefore, this section provides a review of these works

according to the kind of material and the heating system employed.

Several heating systems have been used (I'igure 2.4): (a) local heating produced due to the
friction between the tool rotating at a high spindle speed and the material (Park et al.,
2009); (b) heating device attached to the clamping system (Ambrogio et al., 2008); (c)
heating chamber covering the entire ISI process (forming tool, clamping system and blank)

in order to obtain a global warming (Zhang et al., 2009); (d) localized heating system
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generated from electrical circuit (Fan et al., 2008) and (e) laser beam used as a heating

source to locally heat the sheet (Duflou et al., 2008).

e)
Figure 2.4. a) Rotational ISF (Park et al., 2009). b) Hot clamping system (Ambrogio et al., 2008).
c) Hot chamber (Zhang et al., 2009). d) Electric resistance (Fan et al., 2008). e) Laser assisted ISF
(Duflou et al., 2008).

Magnesium alloys

Taking advantage of magnesium lightweight property, its use in automotive, aeronautic and

electronic applications is considerably increasing in recent years. However, because of its
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hexagonal-closed-packed (hcp) crystal structure it has very low ductility and so formability

at room temperature.

Nowadays, magnesium is used basically in die casting processes being able to obtain
complex parts, however, the mechanical properties (strength and ductility) of these parts
are not good enough. Forming processes arise as an alternative for processing magnesium
alloys since a fine grained structure, without porosity and with better mechanical properties
can be achieved (Park et al., 2009) if the forming process is carried out at elevated

temperatures to improve material formability.

Several researchers have used warm ISF, developing different heating devices, to

manufacture parts using magnesium alloys.

In one of the pioneers works in this field (Ambrogio et al., 2008), it was shown that the
formability of magnesium AZ31-O at room temperature was very low whereas at 250°C
there was a significant increase of the strains at fracture (Figure 2.5). They developed a new
heating equipment consisting on a heating band around the clamping device to increase the
global temperature of the sheet. The setup was also designed to avoid heat transmittance to
the machine using a cooling system on the lower part. With this equipment it was possible
to clamp circular blanks with the aim of forming truncated cones having the following

dimensions: 100 mm major diameter and 40 mm depth.

Figure 2.5. Magnesium strains at failure at different temperatures (Ambrogio et al., 2008).

They conducted a CCD (Central Composite Design) experimental campaign with the
following process parameters: tool diameter (12, 15, 18 mm), tool depth step (0.3, 0.65, 1
mm), sheet temperature (200, 250, 300°C) and wall angle (45, 50, 55, 60, 65°). The sheet
thickness was 1 mm for all the tests. When magnesium alloys are used it is very important
to correctly choose the lubricant, being able to withstand the local deformation and the
elevated temperatures, avoiding material peeling off (Zhang et al., 2010). One of the most

appropriate lubricants is solid graphite (MoS2), being the chosen one in Ambrogio’s work.



Chapter 2. State of the art - 17 -

Forming Limit Diagrams (FLD) and forming forces were analyzed (Ambrogio et al., 2008),
showing that the maximum formability occurred at 250°C and that the forming force
decreased with the increase of the temperature. Similar results regarding the improvement
of the formability with the temperature were found by Ji and Park (2008), as shown in the
forming limit curves obtained from plane-strain stretching and axisymmetric stretching

tests (Figure 2.6).

It is also possible to locally increase the sheet temperature without an external device,
simply using high tool rotations in order to accelerate plastic deformation (Park et al.,

2009). This process is called RISF (Rotational Incremental Sheet Forming).

In RISF the sheet is clamped on the framework while the tool rotates to its own axis at high
speed, penetrating step by step along the established tool path. This generates an important
amount of heat in the contact zone due to the friction between the tool and the sheet and
also due to the energy of plastic deformation. This localized heat accelerates the plastic

deformation and increases formability.
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Figure 2.6. AZ31 forming limits at different temperatures (Ji and Park, 2008).

Park et al. (2009) determined the formability of AZ31 magnesium sheets (150x150x1 mm)
forming square cups (80x80x25 mm with wall angles of 45, 60 and 70°). Tool radius was 6
mm, feed rate was 400 mm/min and tool speed rotation was 4000 rpm (counterclockwise).
An infrared thermometer measured the achieved temperatures. Rotation speed was
decreased once the temperature reached 100°C (when chips appeared) ensuring that the
material surface was not deteriorated. They analyzed the variation of the grain size (the
grain size is in inverse proportion of strain rate), the FLD (showing plane strain at the walls
and biaxial stress at the corners, represented in blue and red circles respectively) and

thickness distribution (Figure 2.7 a, b and ¢ respectively).

The influence of anisotropy of AZ31 magnesium alloy sheets has also been studied
depending on the sheet’s fabrication method (Zhang et al., 2009). These sheets were used in

single point incremental forming process and the formability and surface quality of the parts
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was determined. In this work, a heating chamber was used for increasing the sheet

temperature.

a) b) ©)

Figure 2.7. RISF results using AZ31: a) grain size, b) FLD,
c¢) thickness distribution (Park et al., 2009).

Recently, dynamic local heating assisted by laser irradiation (Figure 2.8) has also been
employed for improving magnesium formability in SPIF (Hino et al., 2014). The local
heating temperature was measured using thermocouples and infrared thermography at
various laser powers, laser spot speed and defocus. It was observed that the temperature
increased when laser beam spot speed is slow, the defocusing distance is short and laser
power is high. It was also confirmed the improvement of the formability and the reduction

of residual stresses.
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Figure 2.8. Schematic representation of the SPIF system with dynamic local heating
by laser irradiation (Hino et al., 2014).

The effect of depth step and feed rate on formability and geometric accuracy on AZ31 warm
ISF has been recently studied in the work of Sy and Nam (2015). They used a heating
system based on Joule effect, adjusting the forming temperature using a feedback control
system with thermocouples (Figure 2.9a). As previously revealed in other research works
(Ambrogio et al., 2008; Ji and Park, 2008), the optimum forming temperature was around
250°C. Regarding geometric accuracy, at 250°C a maximum error between the CAD profile
and the manufactured one was 0.7 mm (Figure 2.9b), while for higher temperatures (300°C)

the part was twisted, decreasing significantly the accuracy.
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a) b)

Figure 2.9. a) Experimental system for warm ISF. b) Geometric accuracy (Sy and Nam, 2015).

Titanium alloys

Titanium is a widely used material in aerospace and biomedical sectors, due to its high

corrosion resistance, lightweight and good mechanical properties.

Commercially pure titanium (CP Ti) sheets were deformed using ISI at room temperature
(Hussain et al., 2008b) in order to evaluate the effect of several process parameters (step
down, tool diameter, feed rate and friction between the sheet and the tool) on the
formability. The test geometry was a conical frustum with a variable wall angle. The best
process conditions to enhance material formability were: low step down, low feed rate, low
tool diameter and low friction. In another work of the authors (Hussain et al., 2008a),
different tool materials were used to deform incrementally CP Ti sheets at room temperature
to determine the effect on the tool wear and material adherence in the tool tip. High-speed
steel (HSS) surface-hardened was the most suitable tool material. Furthermore, they
experimented with several lubricants and it was shown that organic lubricants are not
appropriate whereas the best lubricant was a dispersion of MoS: powder in white petroleum

jelly with a 4:1 ratio.

Ti6Al4V is the most commonly used alpha/beta titanium alloy. It has high strength,
corrosion resistance, low density and good biocompatible properties. However, the
formability at room temperature is very poor, thus, a heating system is required to be able
to form this alloy. Fan et al. (2008) developed a novel technique, electric hot incremental
forming, consisting of obtaining an electric closed circuit with DC power supply, cables, the
tool and the sheet. Due to Joule’s law, when current passes from the tool to the sheet, heat is
obtained, so local temperature increases. This variation of temperature increases the
ductility of the material in the contact zone. In a subsequent work, Fan et al. (2009) used
this principle to form Ti6Al4V sheets. Their investigations were mainly focused on
determining the best kind of lubricant and the optimum forming temperature. Regarding

the lubricant, it must withstand the elevated temperatures required for forming the
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titanium alloy (more than 500°C), therefore, liquid lubricants cannot be used. The best
results were obtained when self-lubricating nickel disulfide metal matrix composite (Ni-
MoS:) was used. The optimum forming temperature ranges from 500 to 600°C, over 600°C
severe oxidation on the titanium sheet appears and the formability is not enhanced.
Honarpisheh et al. (2015) have used the electric hot incremental forming setup to determine
the influence of the process parameters on the evolution of the forming forces during the
manufacturing of Ti6Al4V sheets truncated cones. Increasing the tool diameter it is possible

to decrease the forming force due to the increased contact area between the sheet and the

tool (Figure 2.10).

Figure 2.10. Variation of the forming force with the tool diameter in electric hot incremental forming

(Honarpisheh et al., 2015).

Other heating techniques can be used to increase the temperature of titanium sheets in the
ISF process, such as a high-speed tool rotation (Ambrogio et al., 2013). In this work a CNC
lathe (Figure 2.11) is used instead of a CNC milling machine in order to increase the process
speed, however, only axisymmetric parts can be formed. Experimental tests using two
titanium alloys (CP Ti and Ti6Al4V, grade 2 and grade 5 respectively) were performed.
Their results demonstrated that it is possible to successfully form titanium alloys in few
minutes without modifying the material microstructure and micro-hardness. In a recent
work, Ambrogio and Gagliardi (2014) analyzed statistically the variation of the temperature
during the incremental forming of two lightweight alloys, Ti6Al4V and AA5754. They
varied the step down and feed rate in order to increase the temperature allowing an
improvement of the formability for these materials. Later, this work was extended in order

to provide a model for predicting the temperature during the forming process (Ambrogio et

al., 2016).

Figure 2.11. High-speed SPIF in a CNC lathe (Ambrogio et al., 2013).
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2.2.4 Stretch Forming with ISF

In order to solve the principal drawbacks of the ISF technology (sheet thinning, accuracy
and process time), a new hybrid process that combines ISF with Stretch Forming has been

proposed by Araghi et al. (2009).

The first stage of the hybrid variant consists on obtaining a pre-form using Stretch Forming.
In this first stage an approximation to the final geometry can be reached. The slots, cavities
or deep corrugations are achieved in a subsequent ISF manufacturing stage (Figure 2.12).
This hybrid process allows a reduction of the process time and more uniform thickness

distribution.

Figure 2.12. Operation principle of the hybrid process (a) experimental setup,
(b) first stage: stretch forming, (c) second stage: ISF (Araghi et al., 2009).

2.2.5 Roboforming

Many manufacturing industries have in their installations industrial robots, therefore
several researchers have interest in the performance of the ISF technology using industrial
robots, a variant known as Roboforming. The main features of the robots are: fast
movements, low stiffness and low capacity of withstanding high forces. The last two features

might limit its use for the manufacturing of incremental formed parts.

Schafer and Schraft (2005) published one of the first works in which the use of industrial
robots in incremental sheet forming was studied. They developed the process using
hammering tools and without any die plate (Figure 2.13), being able to form several

complex geometries with an acceptable geometric accuracy.

With the use of robots it is possible to replace the partial or full die by another robot (Meier
et al., 2009), which acts as a support tool of the sheet, as it can be seen in Figure 2.14.
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Figure 2.13. Robot cell for incremental forming of aluminum metal sheet (Schafer and Schraft, 2005).

Figure 2.14. Experimental set-up of Roboforming (Meier et al., 2009).

2.3 Process parameters

The most important process parameters involved in the ISF technology can be classified
into three main groups: (i) the factors related to the design of the part to be manufactured;
(i1) the tool features and (iii) the process factors. As it has already been mentioned, the most
widely used metallic materials in ISI are some aluminium and steel alloys, due to their high
formability at room temperature, justifying why almost all of the papers cited in sections 2.3

and 2.4 will be based on these materials.
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2.3.1 Design

According to the feature’s complexity of the part that has to be manufactured using ISF,
the geometry can be classified as follows:

e  Simple: basic geometries, mainly used in basic research to determine the effect that
the process parameters have on several outputs, such as forming forces, accuracy,
etc. Generally are truncated cones or pyramids with a constant wall angle.

e Intermediate: this type of geometries are also used in research works, which usually
are not applicable in the industrial field, but have interesting geometric features
(variable wall angle, a combination of concave and convex parts...).

e Complex: this group includes the industrial components, such as prototypes, dies,

automotive parts or prostheses.

Once the geometry is decided, the material has to be chosen. As already mentioned, up to
now, it is possible to form incrementally aluminium alloys, steel, magnesium, titanium and
polymers. The initial sheet thickness is usually in the range of 0.5-5 mm, although it is also
possible to perform microincremental forming (Figure 2.15) with sheet thicknesses below 0.1
mm (Obikawa et al., 2009; Puigpinés et al., 2012; Santo et al., 2010).

Figure 2.15. An example of microincremental forming, miniature dots 0.1 mm in diameter in

aluminum AL-2 with 12 pm sheet thickness (Obikawa et al., 2009).

2.3.2 Tool

Regarding to the toolpath, the most common strategies are (Jeswiet et al., 2005b):
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e  Unidirectional: the tool is moved in the same direction (clockwise or
counterclockwise) along a plane. Torsion and tool indentation appear in the final
part. The profile of the geometry is followed in a discrete way.

e Bidirectional: in this case the tool movement changes its direction in each plane,
avoiding the appearance of torsion but tool indentation appears. The profile of the
geometry is followed in a discrete way.

e Spiral: it is basically used in order to improve the surface finishing, because the
profile of the geometry is followed in a continuous way and there is no tool

indentation in the surface of the sheet. Torsion appears to the final part.

From the experimental work, some examples of the abovementioned effects of torsion and

tool indentation are shown in Figure 2.16 and Figure 2.17, respectively.

a) b)

Figure 2.16. a) Torsion appeared due to unidirectional or spiral tool path. b) Part manufactured using

bidirectional toolpath to avoid torsion.

a) b)

Figure 2.17. a) Spiral toolpath with good surface finishing. b) Unidirectional or bidirectional
toolpath, with tool indentation.

There are three different types of tools: flat (the less used in the literature) (Ziran et al.,
2009), ball end (the ball has free rotation in order to have the minimum friction) (Kim and

Park, 2002; Li et al., 2014) and hemispherical, being the last one the most commonly used.
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The tool diameter is usually in the range of 4-20 mm, but in order to perform

microincremental forming smaller tools are required (below 1 mm).

2.3.3 Process

A process parameter with strong influence in the accuracy, surface finishing, forming forces
and operational time is the step down. This parameter determines the tool displacement
along the different forming layers. Higher step downs will provide worst surface finishing,
higher forming forces and forming time. Usually, a forming process is considered as
incremental if the step down is below 1 mm, for higher values the deformation mechanism
will be more similar to a deep drawing process rather that an incremental forming process.
The step down can be defined according to three strategies:
e Constant step down (Az): the axial movement of the tool is defined with a constant
value. The surface finishing is better in steep walls (Attanasio et al., 2008, 2006).
e Constant scallop height (Ah): the separation of the different layers varies with the
wall angle, allowing better surface finishing than in the previous case (Callegari et
al., 2006).
e Constant angular increment (Af): the angular increment between two successive
layers has to be constant. The main disadvantage is that for very steep walls the

surface finishing is not acceptable (Fiorentino et al., 2009).

The feed rate should be as higher as possible in order to reduce the forming time and energy
consumption (Ingarao et al., 2014). The spindle speed or tool rotation can be set “free”
meaning that it will rotate depending on the friction conditions between the tool and the
blank, or can be set at a fixed value. As mentioned in section 2.2.3 it can be used as a local

heating solution for increasing material formability.

Finally, it is important to adequately select the forming lubricant depending on the sheet
material. Grease (Duflou et al., 2007b; Jackson and Allwood, 2009; Kopac and Kampus,
2005) and oil (Bambach et al., 2009; Li et al., 2015; Park and Kim, 2003; Takano et al.,
2008; Verbert et al., 2008) are the most widely used lubricants. Several researchers use a
water-soap emulsion for lubricating the tool-sheet interface in polymer ISF (Franzen et al.,
2009; Marques et al., 2012; Silva et al., 2010). In order to withstand the elevated
temperatures required for forming magnesium and titanium alloys, solid lubricants, for
instance, graphite powder and MoS: should be employed (Fan et al., 2009; Husmann and
Magnus, 2016; Zhang et al., 2010).

Table 2.1 summarizes the classification of the ISF process parameters.
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Table 2.1. Summary of the most important process parameters.

Simple Intermediate Complex
Geometry
Material Aluminum ‘ Steel ‘ Magnesium ‘ Titanium ‘ Polymers
Sheet . . .
< _
thickness Microforming (<0.1 mm) Macroforming (0.5 — 5 mm)
Unidirectional
Tool path (clockwise or Bidirectional Spiral
counterclockwise)
Flat Hemispherical Ball end
Type | |
st PR
Dimensions Microforming (<1 mm) ‘ Macroforming (4 — 20 mm)
Az constant Ah constant AB constant
r!j AZ constant "ﬂ Scallop height constant
al ]
Step down v_ﬂ I
| A
\[7 4 {
%;_ <L %
Feed rate 400 — 3000 mm/min
Spindle Free — 4000 rpm
speed
. . Water-soap .
Lubricant Grease 0Oil ) Solid
emulsion

2.4 Process outputs

2.4.1 Forming forces

The determination of the forming force magnitude in ISF is especially important in the case
of using machinery adapted for the process like milling centers and robots, in order to verify
if the equipment will be capable of carry out the process. The first research works dealing
with the experimental measurement of the ISI forces, appeared in 2005. Jeswiet et al.
(2005a) and Jeswiet and Szekeres (2005) used a force sensor consisting on a spindle mounted
cantilever beam with strain gauge Wheatstone bridges to measure the three orthogonal

forces of AA3003-0 truncated cones and pyramids manufactured using SPIF and TPIF. It
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was demonstrated that the predominant force in ISF is developed in the axial direction of

the tool (Figure 2.18) while this, in general, is not the case in milling.

Figure 2.18. Measured forces during SPIF process of a truncated pyramid
(Jeswiet and Szekeres, 2005).

The axial forming force was used as a monitoring and control approach to determine when
the material is close to failure due to excessive thinning (Filice et al., 2006). The clamping
system was fixed on a Kistler piezoelectric dynamometer. They presented how the forming
force trend varied with the sheet thickness, step down, tool diameter and wall angle during

the SPIF manufacturing of a truncated cone in AA1050-O aluminum alloy (Figure 2.19).

c) d)

Figure 2.19. Axial force evolution for different: a) sheet thicknesses, b) step down, c) tool diameter

and d) wall angle (Filice et al., 2006).
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The forming force trends were classified as follows:

e Steady state: appears for low wall angle values, after reaching the maximum value,
the forming force remains constant due to the equilibrium between the sheet
thinning and strain hardening effect (Figure 2.20a).

e Polynomial: this trend occurs when parts with higher wall angle are formed, after
reaching the peak, the force is reduced because of the important thickness reduction.
Then, the force becomes stationary again since the process conditions do not lead to
material failure (Figure 2.20b).

e Monotonically decreasing: in this case, the forming force decreases after the peak until
material failure, because the strain hardening is not able to compensate the material

thinning and reach an equilibrium (Figure 2.20c).

a) b) c)

Figure 2.20. Classification of the forming force trends: a) steady state. b) polynomial.

c¢) monotonically decreasing (Filice et al., 2006).

These trends were used to verify the effectiveness of the on-line force monitoring system to
avoid failure by automatically modifying some process parameters (tool diameter and step
down). This strategy could be used in industrial applications to automatically update the

initially defined process parameters in order to avoid material collapse.

Later, Duflou et al., (2007b) published a similar work for AA3003-O truncated cones
obtained by SPIF. Forces were measured with a Kistler 9265B dynamometric table
connected to an amplifier. A filter was applied to reduce the noise from the force signal.
Again, it was demonstrated that the axial component was the predominant one (Figure
2.21a). It was also observed that when one contour of the tool path was completed, the axial
component of the force (Fz) drop to zero, then reaches a peak at the step down and finally
reached a stable value, while F'x and Fy followed a sinusoidal trend (Figure 2.21b). The
increase of step down, tool diameter, wall angle and sheet thickness increase the forming

force, as previously found in Filice et al. (2006).
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a) b)

Figure 2.21. a) Three force components. b) Detailed view of the force evolution (Duflou et al., 2007b).

Almost in parallel, another experimental work showing the effect of the process parameters
on the forming force evolution in SPIF forming of a steel DCO1 truncated cone was done
(Petek et al., 2009). A force acquisition system (Iigure 2.22) similar to the one presented by

Duflou et al., (2007b) was used, obtaining similar results.
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Figure 2.22. Acquisition system for force measurements in SPIF (Petek et al., 2009).

A comparison of the forming forces for variable wall angle geometries manufactured in deep
drawing steel (FeP04) using SPIF, TPIF negative and TPIF positive revealed an increase of
the forming force with the presence of a die (Fiorentino et al., 2009). In the case of the TPII
variant, less forming force was required to obtain the final part when a positive die was

used.

Several research works have focused on providing an accurate estimation of the maximum
axial force developed during the forming process in order to ensure the safe utilization of the

hardware and guarantee the structural integrity of the work piece.

Aiming for quick estimations of the maximum force, several analytical models intended for

uniform wall angle (UWA) geometries formed with different materials have been proposed.
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The first ISF force analytical model was proposed by Iseki (2001), who assumed plane-strain
conditions, uniform sheet deformation and neglected friction for its derivation. When
designing and manufacturing a dedicated ISF equipment, Allwood et al. (2005a) proposed a
second analytical model to estimate the vertical force limits of its equipment. However,
recent research (Pérez-Santiago, 2012) has confirmed that the model developed by Aerens et
al. (2010) provides accurate estimations of the steady state axial forming force (I'z) of
truncated Uniform Wall Angle (UWA) cones formed with the metallic alloys, for instance
aluminum or stainless steel, generally utilized in ISF works. This analytical model, Equation
1, is a phenomenological correlation originated from the results of an experimental
campaign conducted on two aluminum alloys, AA3003 and AA5754, and three steel alloys
DCO1, AISI304 and 65Cr2.

F,=0.0716R t,*7d** Ah*” & cosar (1)

R, (MPa) is the tensile strength of the formed material aligned with the wall direction; #
(mm), initial sheet thickness; d; (mm), tool diameter; Ah (mm) the scallop height; and o (°)

initial wall angle.

Recent research works have shown that the spindle speed, in addition to the
abovementioned process parameters, has an important effect on the maximum axial forming
force variation (Centeno et al., 2014) as shown in Figure 2.23 for tests performed using AISI

304, mainly due to the heat originated due to the increase of the friction with the spindle

speed.
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Figure 2.23. Evolution of the maximum axial force depending on the to/R

(initial sheet thickness to tool radius ratio) (Centeno et al., 2014).

A fishbone diagram is presented in Figure 2.24 as a summary of the parameters that have
been mostly investigated in the literature and that have shown to have an effect on the

variation of the forming force.
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Figure 2.24. Fishbone diagram with the parameters that affect the forming force in ISF.

2.4.2 Formability

In sheet metal forming processes, each zone of the sheet might be subjected to a different

combination of strain depending on the process conditions.

In order to determine formability, which is the ability of a certain material to undergo
plastic deformation without damage, several researchers used the maximum wall angle
achievable as an indicator of the material forming limits (Hussain et al., 2009, 2007).
However, it is preferable to use the methods based on FLD (Forming Limit Diagrams)
which graphically locate the strain state of different points of a part in a (Y-positive)
Cartesian plane bounded by the in-plane major and minor principal strains axes, in
combination with curves indicating the limit strains (for necking and/or fracture) of the
sheet material. The minor strain on the sheet surface is represented in the horizontal axis
and the major strain on the sheet surface in the vertical one. The FLD is also called the
Keeler-Goodwin diagram (Keeler, 1986; Goodwin, 1968).

For compressive states (like rolling) it is possible to obtain large levels of strain without
damage, whereas for tensile states (deep drawing) failure is usually controlled by necking
followed by an instable process leading to fracture. In this case, the deformation is
concentrated into a small region (neck) and the material will fail. In Incremental Sheet
Forming, the forming limit has a radically different trend in comparison of the typical
forming limit obtained for deep drawing and ISF presents an enhanced formability than the
one allowed under deep drawing conditions. This is because during ISF there is the
suppression of necking and fracture appears without the formation of instabilities. The
stabilization mechanisms that can avoid necking are widely discussed in the comprehensive

review done by Emmens and van den Boogaard (2009).
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In a FLD, the Forming Limit Curve (FLC) shows the combinations of in-plane strains at the
onset of local necking, whereas the Fracture Forming Limit line (FFL) shows the
combinations of in-plane strains at the beginning of ductile fracture. According to this,
Figure 2.25 depicts the presumed FLD including both the FLC and the FFL for ductile
metal sheets. In most of these ductile materials, the FFL is sensibly above the FLC, as it has
been recently reported in a series of research works (Centeno et al., 2014; Emmens and van
den Boogaard, 2009; Isik et al., 2014). The current characterization of the necking and
fracture curves within FLDs has been also widely discussed in the sheet metal forming
community, which is providing continuously novel experimental techniques for the

determination of this forming limit (Centeno et al., 2015).

Figure 2.25. Representation of the principal strain space (Isik et al., 2014).

It has to be said that although extensive research in ISF over the last decade has been
carried out, the deformation mechanism under the ISF process is not fully understood.
Usually, the enhanced formability is attributed to the localization of plastic deformation

(Hussain et al., 2007) without providing a deep explanation.

One of the deformation mechanism assumed in the literature (as well in SPIF as in TPIF)
has been a mechanism of out-of-plane shear as reviewed in Emmens and van den Boogaard
(2009), see Figure 2.26¢. According to Jackson and Allwood (2009), this mechanism has
become associated to ISF process over the last 7-10 years but it has not been experimentally

verified. The mechanism is based on shear spinning rotary forming process.

Figure 2.26. Definitions of ISF undeformed part (A), through-thickness shear (B)
and out-of-plane shear (C) (Emmens and van den Boogaard, 2009).
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In shear spinning the part is formed over the mandrel by a shear deformation process in
which the outside diameter remains constant and the wall thickness is therefore reduced.
This shear straining and consequent thinning of the metal distinguish this process from the
bending action in conventional spinning. The resulting thickness of the spun wall can readily
be determined by the sine law (Figure 2.27), which is only valid for the first stage, when

performing multi-stage operations this relationship is not valid.

Figure 2.27. Sine law (Jeswiet et al., 2005b).

As it was pointed out by Jackson and Allwood (2009) “a real understanding of the
deformation mechanism is important to allow accurate numerical models of the process to
be developed for tool path design and process control and, to develop an understanding of
the increased forming limits observed in ISF in comparison to pressing”. In that sense the
findings of their work based on an annealed copper (C101) plate formed to a truncated cone
of wall angle of 30” are noteworthy: firstly, the deformation mechanisms of both SPIF and
TPIF are significantly different to the idealized mechanism of shear spinning. In both SPIF
and TPIF the deformation is a combination of stretching and shear that increases on
successive tool laps, with the greatest strain component being shear in the tool direction,
therefore, there is the presence of through-thickness shear (Figure 2.26b). Shear occurs
perpendicular to the tool direction in both SPIF and TPIF, which is more significant in
SPIF resulting in a piling up of the material at the center of the plate. Other researchers
have found evidences of through-thickness shear in their works (Bambach et al., 2003;
Jackson et al., 2008).

Furthermore, based on experimental results, Jackson and Allwood (2009) concluded that the
deformation mechanism is intrinsically different for SPIFF and TPIF. Therefore the two

processes should be distinguished in future discussions of their deformation mechanics.

On the contrary, the other main supposition of the deformation mechanisms that take place
in ISF is that the localized bending of the sheet around the punch causes a contact
compressive stress normal to the surface of the sheet. This additional contact stress is able to
reduce the yield stress in tension and increase the material formability (Emmens and van
den Boogaard, 2009; Martins et al., 2008; Silva et al., 2008). Formability and contact stress

increase with increasing sheet thickness and decreasing tool diameter.
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Several recent and relevant publications have supported experimentally and analytically
this behavior, considering that formability is limited by fracture without previous necking,
being this absence of necking the key factor for the increased formability in ISF. Silva et al.
(2011) carried out tests that revealed the possible existence of both deformation
mechanisms, either fracture with a previous necking or failure by direct ductile fracture,
depending on the ratio between the initial thickness of the sheet and the radius of the tool
(to/R). More recent studies (Madeira et al., 2015; Soeiro et al., 2015) demonstrated that in
both of the abovementioned cases, i.e. failure controlled either by necking or by ductile
fracture, fracture strains are always within a scatter band of the FFL. It was again observed
that for high tool diameters, the failure mode was due to necking followed by ductile
fracture. However, for the lowest tool diameters considered, failure occurred by fracture in
the absence of necking. To sum up, although failure by necking could still occur in
incremental forming, for small tool diameters fracture in the absence of necking would
usually be promoted, and formability should then be represented by the FFL. Furthermore,
in the paper of Madeira et al. (2015) it was proved that failure by fracture in SPIF occurs by
in-plane tension (corresponding to mode I of fracture mechanics), whereas the alternatively
proposed deformation mechanisms and associated crack opening modes based on in-plane
(mode II) or out-of-plane (mode I1I) shear stresses should not be considered because they do

not ensure consistency between plastic deformation and fracture mechanics.

The effect of the localized bending induced by the forming tool through the t¢/R ratio in the
stabilization of plastic deformation above the FLC in SPIF was studied in Centeno et al.
(2014). It was observed that for higher tool diameters the failure mode was due to necking

followed by ductile fracture (Figure 2.28a). However, for the analyzed material (AISI 304),

for low tool diameters the failure by fracture without the appearance of necking was not

found (Figure 2.28b).

Fracture

o =
wone Fracture after

incipient necking

a) b)

Figure 2.28. Fractography at the fracture initiation zone for SPIF tests using 20 mm tool diameter (a)
and 10 mm tool diameter (b) (Centeno et al., 2014).

Considering that in SPIF for low tool diameters failure will occur without previous necking,
Isik et al. (2014) proposed a new methodology to determine the maximum strains at fracture
directly from the in-plane strain measurements without evaluating the gauge length strains,
which simplifies the procedure for obtaining the FFL. SPIF tests of variable wall angle

truncated conical parts (plane strain conditions) and truncated pyramidal parts (plane
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strain conditions in the walls of the pyramid and biaxial stretching at the corners, as
schematically represented in Figure 2.29) are required. The authors also introduced the
concept of Shear Fracture Forming Limit line (SFFL). In-plane torsion tests and plane shear

tests are required for representing this new forming limit (Figure 2.30).

Figure 2.29. Schematic representation of strain loading conditions for a

variable wall angle truncated pyramid formed by SPIF.

Figure 2.30. Fracture loci (FFL and SFFL) (Isik et al., 2014).

In order to simplify and facilitate the determination of SFFL, a new geometry
manufactured by SPIF has been recently proposed (Soeiro et al., 2015). They proposed to

use a truncated lobe conical shape with varying wall angles (Figure 2.31) and measure the
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in-plane strains at fracture, avoiding the need of measuring gauge length strains, which is
required if the typical tests specimens (in-plane torsion and plane shear tests) are used.
Figure 2.32 shows the schematic representation of the two different methods for obtaining

the shear fracture forming limit line (SFFL).

Figure 2.31. Variable wall angle truncated lobe conical geometry proposed to determine SFFL
(Soeiro et al., 2015).

@
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Figure 2.32. Schematic representation of the FLD determination method proposed by
Isik et al. (2014) (a) and the method proposed by Soeiro et al. (2015) (b).

2.4.3 Geometric accuracy

One of the most important drawbacks of the ISF process is its poor dimensional accuracy
compared with the requirements of the industrial applications. Allwood et al. (2005b) based
on data provided by developers, showed that most of the industrial applications where ISF
could fit-in require geometric tolerances below 1 mm, which are unfeasible with the normal
ISF process chain (they estimated that, in general terms and without considering the

material used, the tightest tolerance process window for ISF was 2 mm,).

Specifically for the SPIF variant, the main geometric error typologies were classified by
Micari et al. (2007) (Figure 2.33) as:
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e  Sheet bending close to the blank’s clamping region. The deviation in the outermost
zone of the part is considerable. This deviation takes place in the first stages of the
process, because sheet is prone to bending rather than being locally deformed. In
order to reduce this deviation, it is necessary to use a backing plate. However, this
support is not able to eliminate the low accuracy in the central zones.

e Deviations in the wall caused by the elastic recovery (springback) of the sheet when
the load is removed.

e The pillow effect in the bottom of the part, which is originated by the spread of
elastic stresses of zones where the tool has not exerted plastic deformation to other

parts of the piece.

Figure 2.33. Geometrical error topologies observed during the SPIF of UWA parts
(Micari et al., 2007).

Poor accuracy is one of the main barriers for the implementation of ISF in the industry,
explaining the large amount of research works aimed to soften the inaccuracy issue. The
precision improvement approaches can be classified into three main types: hardware

dependent, software dependent and stiffness modification (Figure 2.34).

In order to better control the material deformation, the hardware dependent approaches
consist on the addition of components to the ideal “dieless” process. Examples of this
strategies are the addition of backing plates, partial or complete dies (Attanasio et al., 2008,
2006; Fiorentino et al., 2009), mechanisms to stretch the material (Araghi et al., 2009) and
counter-tools driven by a rotating table (IFranzen et al., 2008) or robots (Meier et al., 2009).

The second type of approach is related to the modification of the basic tool-path generated
from the CAD model of the candidate part. In turn, the tool-path correction strategies can
be classified as single-stage or multiple-stage depending on the number of trajectory phases
required to obtain the desired part. Ambrogio and co-workers (Ambrogio et al., 2007, 2004;
Micari et al., 2007), Tekkaya et al. (2007) and Rauch et al. (2009) have worked in single-
stage strategies, whereas the research groups of Duflou (Duflou et al., 2007a; Verbert et al.,
2009, 2008) and Hirt (Bambach et al., 2009; Hirt et al., 2004) have tried both single-stage

and multiple-stage strategies.

Finally, some research works have been focused on the modification of the blank stiffness
using heating devices (Duflou et al., 2008; Fan et al., 2008), tailored rolled blanks (Hirt et
al., 2004) or partially cut-out blanks (Allwood et al., 2010).



- 38 - Incremental sheet forming applied to the manufacturing of biocompatible polymer prostheses
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Figure 2.34. Summary of accuracy improvement approaches for ISF.

The measurement of the geometrical accuracy is usually done using 3D scanning systems
(Ham and Jeswiet, 2008; Li et al., 2015) or coordinate measuring machines (CMM) (Lu et
al., 2016; Silva and Martins, 2013).

2.4.4 Surface roughness

In ISF, surface roughness is one of the concerns related to the quality of the final product.
As it was demonstrated in the early research works (Hagan and Jeswiet, 2004), the step
down is one of the process parameters that will directly influence the surface roughness
value (Figure 2.35). Increasing the step down the productivity will be increased, however

the surface quality will be worst.

Figure 2.35. Schematic representation of the effect of the step down on surface roughness
(Hagan and Jeswiet, 2004).

Durante et al. (2010) proposed an analytical model to predict the average surface roughness
(Ra) based on three process parameters: tool radius, step down and wall angle. They
obtained good agreement (error below 10%) between the predicted values and the measured

ones.

Hamilton and Jeswiet (2010) analyzed the effect of using high feed rates and rotational
speeds in SPIF on the non-contact surface roughness, in order to determine the orange peel

effect (appearance of a rough surface on the non-contact side of the formed part). The aim of
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the work was to demonstrate the feasibility of using high feed rates to decrease the forming
time without compromising the part’s quality. They proposed a model to predict the orange
peel effect depending on the step down, spindle speed and wall angle.

The effect of tool diameter, step down, spindle speed and feed rate on the surface roughness
on parts manufactured by SPIF in three different metallic materials (DCO1, AA1050, and
AISI304) have been recently investigated (Radu and Cristea, 2013). They analyzed
statistically the results using ANOVA and the main effects plots, obtaining that it was
possible to improve the surface roughness using the highest tool diameters considered,

spindle speed and feed rate and low step down (Figure 2.36).

Figure 2.36. Main effects plot for surface roughness vs. the considered process parameters in
aluminum alloy (AA1050) (Radu and Cristea, 2013)

A recent work has used a Box-Behnken Design of Experiments (DOE) and Response Surface
Methodology (RSM) to evaluate the importance of step down, feed rate, sheet thickness and
tool diameter on the overall surface in ISF (Liu et al., 2014). Then, a multi-objective
function is used to minimize the surface roughness and provide the optimal forming

conditions.

A similar research was carried out almost in parallel with the same aim: providing a
predictive model and the optimal process parameters (feed rate, step down, tool diameter
and spindle speed) to minimize the surface roughness (Echrif and Hrairi, 2014). Their DOE
was based on the Taguchi method and the results were statistically analyzed using ANOVA
and main effects plots. A smoother surface is obtained if high tool diameters and small step
down are used (which according to their research the best parameters were 30 mm tool

diameter and 0.25 mm step down).
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2.5 Polymeric materials

As already reviewed in the previous subsections of Chapter 2, the materials commonly used
in ISF are metallic materials, such as soft aluminum alloys (AA1050) or some steels (DC04,
AISI304, etc.). However, some recent publications have revealed an increasing interest in

forming polymeric materials, more specifically thermoplastic materials.

In the traditional processing techniques of plastic materials it must be applied heat and
pressure to give the desired shape to the material. Temperature has a very important role in
the behavior of plastic materials, specially referred to the phase transition, fluency

characteristics, morphology and degradation.

These processing techniques require high production batches to recover the costs derived of
machinery, tools and energy. Therefore it is necessary to develop new technologies that
allow the production of smaller batches with shorter life cycles and a very low time to
market. With ISF it is possible to reduce costs due to the tools and work at room
temperature. Thus, it would be economically viable to produce small batches and

customized products.

One of the first research works in which the feasibility of using ISF to produce parts with
thermoplastic materials was demonstrated was done by Franzen et al. (2009). The paper was
focused on the evaluation of the performance of PVC (polyvinylchloride) in SPIF
applications. The formability limits and accuracy were characterized and evaluated by
varying some process parameters (sheet thickness and tool diameter). The test geometry

used was a hyperbolic frustum cone.

The results demonstrated that new deformation mechanisms and modes of failure appeared,
which some of them were absent when working with metallic sheets. The following modes of
failure were identified (Figure 2.37):
¢  Mode 1: Cracking. This defect appears in the transition zone of the inclined wall and
the corner radius and is due to stretching mechanisms (tensile stresses). The
morphology and the propagation of this cracks is similar to those found on
producing metallic parts with ISF.
e Mode 2: Wrinkling. Wrinkles appear in the inclined wall and occur earlier than the
cracks of mode 1. They start in the corner radius were thinning is more significant.
This phenomenon is due to the rotation of the tool. When the sheet is thinner it is
easier to find this mode of failure.
e Mode 3: Oblique cracking. The cracks are propagated through the inclined wall
because the sheet cannot withstand the straining by shearing at the early stages of

deformation. This mode of failure has never been found in metals.

In another work, Le et al. (2008) published the results of a preliminary set of experiments
for the SPIF of PP (polypropylene). The experimental campaign consisted on a 2*! factorial

design with three replications for each experiment. The analyzed factors were step size, tool
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size, feed rate and spindle speed. The response was the maximum wall angle achieved when a
truncated cone with a generatrix radius was manufactured. The influence of the forming
parameters and their interaction on the formability was analyzed. The results corroborate

two of the aforementioned modes of failure found by Franzen et al. (2009) (mode 1 and 2).

tool path

Figure 2.37. Modes of failure in SPIF of thermoplastic sheets (adapted from Franzen et al. 2009).

The work of Martins et al. (2009) has also been focused on the evaluation of the applicability
of different polymers in the process of SPIF. Five polymers were studied: POM
(polyoxymethylene, which has a high-crystalline structure), HDPE (high density
polyethylene), PA (polyamide), PVC, PC (polycarbonate, amorphous structure). For each
material, the FFLD (Fracture Forming Limit Diagram) was obtained. The thicknesses of
the sheets were 2 and 3 mm. Modes of failure, strains at rupture, formability, accuracy of
final parts and color variation during cold formation were evaluated. With this information,
a selection mechanism of polymeric materials was elaborated, based on ductility,

springback, color variation (aesthetic factor) and cost.

More recently, Silva et al. (2010) identified a theoretical framework for rotationally
symmetric conditions that allowed studying quantitatively and qualitatively the influence
of major forming parameters. The paper was based on membrane analysis and SPIF tests
using PVC sheets. An analytical framework able to model the first mode of failure identified
by Franzen et al. (2009) was developed. The second and third modes of failure were not
modelled. The experimental results demonstrated that the formability of SPIF in polymers
is mostly influenced by sheet thickness, tool radius, ductility of the material and the initial
wall angle. This last parameter does not have influence in the formability when working

with metallic sheets, but in the case of polymers it has a significant influence.

In a subsequent work, Marques et al. (2012) extended the analytical model previously
described by Silva et al. (2010) in order to be able to model the second and third modes of
failure by means of membrane analysis. The experimentation was carried out using four

thermoplastic materials: PET (polyethylene terephthalate, high crystalline structure), PA,
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PVC and PC. Two sheet thicknesses were used for each material: 2 and 3 mm. The
experimental campaign considered the influence of the most relevant process parameters:
thickness of the sheet, tool radius and initial wall angle. The geometries used were cones and
pyramids with an angle increasing with the depth. They highlight the outstanding
performance of PET and that PC is able to keep its transparency after being formed.

The effect of step down and spindle speed on polymer parts formed by SPIF regarding
failure, forming forces, void content and crystallinity is reported in the recent paper of
Davarpanah et al. (2015). They used two polymers, PVC and PLA (polylactic acid), which
results to be biodegradable. The results demonstrated a surprisingly increase of the
formability with an increase of the step down, which is the opposite in the case of working
with metallic materials, and that the spindle speed does not significantly varies the polymer
formability. Regarding the forming forces, it was shown that they increase with the step
down and decrease for higher spindle speeds. It is worth mentioning that this was the first
work that analyzed the enhance of the crystallinity of the formed material compared with
the raw material due to the polymer chain orientation and rearrangement during the

forming operation.

A response surface analysis to determine the effect of the SPIF process parameters on the
formability and associated heat effects of PVC and PE has been recently done by Hussain et
al. (2016). They found that the failure mode of PVC is mainly limited by fracture whereas in
the case of PE is limited by wrinkling. A softening index, AT/mp, defined as the rise in
temperature (AT) during the SPIF process divided by the melting temperature of the
polymer (mp). This softening index basically increases with the increase of the tool radius

and the spindle speed, which in turn, leads to an increase of the formability.

Davarpanah et al. (2017) examined the influence of step down and spindle speed on the
mechanical properties (by means of tensile and stress relaxation tests) and the chain
orientation (using DSC and X-ray diffraction) on PVC and PA parts manufactured by
SPIF. It was found that after the forming process, the toughness and ductility are increased,
whereas the yield stress and Young modulus are reduced. Furthermore, their results pointed
out that there is a chain reorientation in the formed polymer with a minimal change in the
degree of crystallinity. This chain reorientation is the principal cause of the modification of
the mechanical properties. However, the effect that the step down and the spindle speed

have on these changes did not present a clear trend.

Very recently, Lozano-Sanchez et al. (2017) used polymer composites sheet consisting of
multi-wall carbon nanotubes (MWCNTSs) and polypropylene (PP) to carry out the SPIF
process with the aim of studying the effect of the nanotubes. They reported that there was a
chain reorientation of both, PP chains and MWCNTSs during SPIF of the composite sheets.
Moreover, it was observed a whitening on the outside of cone-shaped manufactured parts as
a consequence of the SPIF processing, which was associated to the presence of crazing due to
disentanglement of polymer chains. The difference on coloration between the inner and
outer surfaces of the manufactured parts was related to compressive and tensile stresses on

each side, respectively.
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Hole-flanging is a forming process consisting on forming a sheet with a pre-cut hole in order
to obtain a smooth cylindrical or conical hole-flange. Hole-flanging by SPIF is an emerging
processes useful for rapid prototyping and small batch production. The use of polymers in
hole-flanging by SPIF is very recent (Silva et al., 2013). In this novel work, the overall
formability of the process using fracture forming limit diagrams (FFL) is analyzed. Two
polymers were studied (PET and PC). In the first part of the work, the strain loading paths
of truncated conical parts manufactured by SPIF were measured. Then, the hole-flanging
by multi-stage SPIF was carried out. A multi-stage strategy, with an increase of 5° wall
angle at each step, was employed until reaching the desired angle or fracture. A new mode of

deformation, which is a combination of in-plane stretching and bending, was found.

All of the papers reviewed until this point are basically experimental works. The first
attempt to model the incremental forming process of a polymeric material was done by
Alkas Yonan et al. (2013), who implemented a finite strain extension of a non-linear visco-
plastic material model in ABAQUS in order to use it for the simulation of the incremental
forming of PVC. These material model parameters were identified by fitting the constitutive
equations to the experimental tensile curves. The simulations were run using implicit time
integration and solid elements, the results are then compared in terms of geometric
accuracy, thickness distribution and forming force with the experimental tests. Although
the discrepancies, mainly in the accuracy and thickness distribution, the model seems to be a

promising approximation to the polymer behavior for small deformations.

As a result of the collaboration between Alkas Yonan and co-workers (Alkas Yonan et al.,
2013) and Silva and co-workers (Silva et al., 2013), an alternative methodology to
characterize plastic flow and failure of polymers in SPIF and in hole-flanging by SPIF was
proposed (Alkas Yonan et al., 2014). With this methodology it was possible to determine the
in-plane stresses and the accumulated damage at various positions over the surface of the
obtained parts directly from the experimental strain measurements and FFL, avoiding the

need to use inverse procedures based on numerical simulations.

Finally, it is worth mentioning that the first publication dealing with the production of any
biomedical device or prosthesis manufactured with Incremental Sheet Forming using
biocompatible polymers was authored by Fiorentino et al. (2012). They manufactured a
palate prosthesis using a titanium alloy and PCL (polycaprolactone). Although their results
were promising, an optimization of the process parameters should be done in order to

increase the geometric accuracy of the part.

A summary of the aforementioned works, in terms of material used, geometry, constant and
variable parameters, analyzed outputs and material characterization is provided in Table
2.2.
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2.6 Application of ISF in the biomedical field

Manufacturing processes are constantly under development. Each change is a reaction of the
pressures coming from the market growth, the customer, new competitors, the evolution of
the technology and new and innovative trends in product and service processes.
Furthermore, the majority of commercialized products have a short life cycle in the market,
therefore, it is highly recommended to develop adaptable and flexible manufacturing

processes in order to satisfy in every moment the existing demand.

During the last few years, some of the traditional sectors such as the automotive and
mechanical machinery are decreasing its activity. In contrast to, the medical field with the
intention of improving quality of life is an emerging opportunity for manufacturing
processes to take advantage of the actual capabilities and transform them, contributing to

the healthcare sector.

In this section, the PESTEL instrument (the letters stand for Political, Economic, Social,
Technological, Environmental and Legal), a powerful tool commonly employed to assess the
macro-environment in business management, is used to determine the opportunities of ISF

for biomedical applications. PESTEL can be defined as follows:

“The analysis of the general environment attempt to provide a proper diagnosis of the current and
future situation in order to detect threats and opportunities that this environment offers to the

performance of the company both now and in the future” (Guerras and Navas, 2015).

This tool considers six different factors:

e Political factors related with the degree of involvement of the government in one
sector of the economy. Specifically, political factors include areas such as tax policy,
labor law, environmental law, trade restrictions and political stability. Political
factors may also include goods and services provided or not by the government to
the society. Furthermore, governments have great influence on the health,

education, and infrastructure of a nation.
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Economic factors include economic growth, interest rates, exchange rates and the
inflation rate. These factors have major impacts on how businesses operate and
make decisions. For example, interest rates affect a firm's capital cost and, therefore,
to what extent a business grows and expands, exchange rates affect the costs of

exporting goods, etc.

Social factors include the cultural aspects and health consciousness, population
growth rate, age distribution, career attitudes and emphasis on safety. Trends in
social factors affect the demand for a company's products and how that company
operates. For example, an aging population may imply a smaller and less-willing
workforce (thus, increasing the cost of labor). Furthermore, companies may change
various management strategies to adapt to these social trends (such as recruiting

older workers).

Technological factors include, among others, aspects such as R&D activity,
automation, technology incentives and the rate of technological change. They can
determine barriers to entry, minimum efficient production level and influence
outsourcing decisions. Moreover, technological shifts can affect costs, quality, and

lead to innovation.

Environmental factors take into account ecological and environmental aspects such
as weather, climate, and climate change, which may especially affect industries such
as tourism, farming, and insurance. Furthermore, growing awareness of the
potential impacts of climate change is affecting how companies operate and the
products they offer, both creating new markets and diminishing or destroying

existing ones.

Legal factors include discrimination laws, consumer laws, antitrust laws,
employment laws, and health and safety laws. These factors can affect how a

company operates, its costs, and the demand for its products.

In other words, it can be said that the PESTEL analysis (Figure 2.38) provides a general

perspective about the macro-environment (or general environment) and driving forces of the

industry, and it allows understanding the key influences of the industry profitability. The

analysis of the micro-environment (or specific environment) can be performed using the

Porter’s five forces tool.

From a general viewpoint, the objectives of the external analysis can be summarized in the

following points:

1.

To comprehend how industry structure drives competition. This fact will determine
the level of industry profitability,

To assess industry attractiveness,

To use evidence on changes in industry structure to forecast future profitability,

To formulate strategies to change structure of the industry to improve profitability,
and

To identify the key success factors in order to study the most suitable marketing

strategy for the commercialization of this new forming process.
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Particularly, the analysis of the macro-environment presented in this section is focused on
the biomedical sector and it aims to study the influence of the external or general framework

and determine the opportunities that ISF has in this field.
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Figure 2.38. Macro-environment (Guerras and Navas, 2015).

2.6.1 Political factors

Biotechnology is a source of innovation for mature sectors (food, energy or cosmetic
industries among others). For this reason, more importance is given to introduce
biotechnology on the political agenda as a priority transversal technology which can be
incorporated in the most competitive sectors and to obtain more flexible conditions for

repayment of debts for public financial support for R & D activities.

In the last annual report published by Asociacion Espaiiola de Bioempresas (ASEBIO, 2014),
the indicators that facilitate or inhibit the development of biotechnology in Spain were
evaluated using surveys. One of these indicators is related to the political scenario, the
survey respondents had to evaluate whereas they feel the government support as a positive
factor or whereas their perception was that the government had a low sensitivity towards
the biotechnological sector. As seen in Figure 2.39, due to the economic crises the
government support towards the companies and institutions of the biotechnological sector
started to decrease notably between 2008 until 2013. However, in 2014 a significant increase
of this indicator was detected, mainly because the government budget for R & D activities

was higher.

Figure 2.39. Evolution of the evaluation of the government support (facilitating factor) versus low

sensitivity of government towards the sector (inhibiting factor) from 2000 to 2014 (ASEBIO, 2014)
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2.6.2 Economic factors

Bio-implants have emerged as a promising solution for the variety of conditions such as
cardiovascular, dental, orthopedic, ophthalmology, neurological disorders among others.
The global market for bio-implants is forecast to reach $115.8 billion by 2020, registering a
CAGR (Compound Annual Growth Rate) of 10.3% from 2014 to 2020 (Figure 2.40), as
explained in the report done by Allied Market Research (Deshmukh, 2014). According to
American College Of Surgeons, 29% of the trauma injuries were caused by road accidents;

the instances of road accidents and death due to the same are rising to about 2.2% globally.

Figure 2.40. Global market for bio-implants (left) and percentage of share of the different types of
bio-implants (right) (Deshmukh, 2014).

According to a new report from industry analyst firm NanoMarkets (2013), the global
medical polymer market will grow from $2.3 billion (USD) in 2013 to over $4.2 billion in
2020 (7.82% CAGR). The report identifies the current and future opportunities in the
medical polymers space and provides guidance on the technical and regulatory framework in

which these opportunities are arising.

Implants currently consume about half the medical polymers produced and are expected to
account for around $1.8 billion in polymer sales by 2020 (Figure 2.41). Polymers have been
penetrating the implant market because they are a cheaper and lighter weight alternatives

than metals, such as titanium.

Another important issue to take into account revealed in the ASEBIO (2014) report, is that
in Spain, turnovers among biotechnology user companies in 2013 have risen to 95,152
million euros (an increase of 18.48% respect to 2012). The contribution to the GDP (Gross
Domestic Product) by biotechnology user companies has increased to 9.07% from 7.8% in
2012 (in 2008 this indicator was under 3%). However, internal expenditure on R&D has
fallen compared to the previous year (-1.68%), which is considered to be a key element for
the future competitiveness of the sector. In terms of the sources of funding, the drop in R&D
expenditure must be attributed to the sharp fall (-35.7%) in investment/public procurement
by national and regional administrations, while investments by other companies and

through own funds have increased, up to 29.4% and 4.55% respectively.
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Summary Forecast of Medical Polymers by Application
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Figure 2.41. Global medical polymer market (NanoMarkets, 2013).

2.6.3 Social factors

High incidence rates of osteoporosis, osteoarthritis, obesity along with rapidly aging global
population also form key drivers for the global orthopedic devices market. Increase in
procedure demand and rise in people opting for minimally invasive surgeries coupled with
expanded access in emerging markets are some of the other factors propelling the growth of
this market. Moreover, the aged people are also more prone to accidents and injuries, which
has increased the demand for graft transplant surgeries and medical implants. This in turn

will drive the biomaterials market.

Orthopedic bio-implants is expected to be the second largest market segment (in terms of
value) owing to rising occurrence of accidents and other such incidents that result in bone

fractures, necessitating treatment via bio-implants (Deshmukh, 2014).

2.6.4 Technological factors

Technological advances introduced in the medical and healthcare industry have led to
improved functionality and efficiency of medical implants and its associated procedures.
These advances linked with the evolution of digital modelling techniques for tissue
reconstruction has resulted in the possibility of producing customized medical implants in a
relatively short time-to-market. This has contributed significantly to the growth of the
biomaterials market. The research report published by Transparency Market Research
(TMR, 2014) segments the biomaterials market on the basis of material types which is
further divided as per applications of these biomaterials for various medical conditions. In
2012, metal type biomaterials held the largest market share in the biomaterials market,

closely followed by polymeric materials (Figure 2.42).

Polymers will exhibit fastest growth in the coming years owing to its increased applications
in healthcare and distinct material properties such as biocompatibility, bioinertness,

flexibility, longevity, and durability.
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Biomaterials Market for Implantable Devices, Market Revenue, by Material Type, 2012
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Figure 2.42. Global biomaterials market for implantable devices (TMR, 2014).

2.6.5 Environmental factors

As it was aforementioned, environmental factors are related to the environmental impact of
the industrial processes carried out by a company. Overall, there have been many companies
that are highly compromised in the development of clean technologies and optimized

processes with the aim of reducing emissions and achieve sustainable processes.

Recent studies and government directives on energy efficiency in the manufacturing
industry have revealed that cutting machine tools consume a significant amount of energy
per part manufactured. Therefore, there is a great potential for saving energy by optimizing
the process parameters. Anghinelli et al. (2011) carried out a functional disaggregation of the
SPIF process in phases in order to quantify the inputs and outputs of raw materials, energy
and lubricants, from which they calculated the CO: emissions. Ingarao et al. (2012)
compared a traditional forming process (stamping) with ISF from the point of view of
sustainability, more specifically considering waste material and energy consumption. ISF
allows an important material saving compared to stamping and it is possible to reduce

energy consumption by optimising the process parameters.

2.6.6 Legal factors

In Europe the medical devices are marketed following the council directive MDD
93/42/EEC, which covers the majority of the medical devices. According to this directive,
the medical devices can be classified as summarized in Figure 2.43:
e (lass I: low-risk, non-invasive devices (can be either sterile and measuring or non-
sterile and non-measuring devices), such as wound dressings and stethoscopes.
e (lass ITa: medium-risk, short-term invasive devices (tracheal tubes, lancets, etc.)
e (lass ITb: high-risk, long-term surgically invasive devices, for example intra-ocular
lenses or surgical lasers.
e (lass III: highest-risk, including all active implantable devices (prostheses, heart

valves, vascular stents...).
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Figure 2.43. European classification of medical devices (MDD 93/42/EEC).

The directive MDD 93/42/EEC also stablishes the criteria for the duration of contact and the
degree of invasiveness of the medical devices (Table 2.3). A customized implant belongs to
the Class IlI medical devices, and therefore, more strict information (including design
dossiers and clinical data) has to be provided to demonstrate the compliance to the directive.
This can be an impediment or a delay for the development of new manufacturing processes

or materials for obtaining customized medical devices.

Table 2.3. Duration of contact and degree of invasiveness criteria for medical devices in Europe

(MDD 93/42/EEC).

Duration of contact criteria

¢Less than 60 minutes : TRANSIENT
*Less than 30 days: SHORT-TERM
*More than 30 days: LONG-TERM

Degree of invasiveness criteria

* Application to body surface versus and orifice
*Surgically invasive or non-invasive
*Implantable

2.6.7 Strategic profile of the environment

Each factor analyzed in the above sections, can be represented using the Strategic Profile of
the Environment. The factors that compose the PESTEL analysis can be divided in the set of
variables studied, and they can be graphically represented according to scale, which range
from Highly Negative (HN), Negative (N), Indifferent (I), Positive (P) until Highly Positive
(HP). Table 2.4 shows the result of this profile. As it can be observed, the external analysis
presents a positive scenario for the development and the introduction of the ISI' technology

to produce customized polymer implants in the biomedical market.
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FACTORS

POLITICAL

ECONOMIC

SOCIAL

TECHNOLOGICAL

ENVIRONMENTAL

LEGAL

Table 2.4. Strategic profile of the environment

BIOMEDICAL FIELD

* Biotechnology is gaining importance in
the political agenda

* In 2014 the government Budget for R&D
activities was increased

* Bio-implants market is forecast to
increase 10.3% in 2020.

* The medical polymer market will also

grow (7.82%) in 2020.

* About half of the medical polymers are
used in implantable devices.

* Internal expenditure on R & D has fallen
compared to the previous year.

* The number of prostheses being implanted
is increasing at a significant rate, due to the
increased longevity of the population, the
demand for increased quality of life and
more active lifestyles.

* Orthopedic bio-implants market is
expected to be the second largest market
segment (in terms of value).

* Technological advances introduced in the
medical and healthcare industry have led to
improved functionality and efficiency of
medical implants and its associated
procedures.

* Evolution of digital modelling techniques
for tissue reconstruction has resulted in the
possibility of producing customized medical
implants.

* Polymers will exhibit fast growth in
healthcare applications.

* Reduce CO; emissions and material waste
in the manufacturing of customized
implants.

* Demonstrate the compliance to MDD
93/42/EEC for Class III medical devices.

HN N I P HP

2.6.8 Examples of biomedical devices manufactured using ISF

As it has been already stated, the biomedical field has a great potential for the application of

ISF because it is a technology capable to produce unique parts in a short time and at a

reasonable cost. Since the beginning of ISF, several research papers have shown a growing

interest in this manufacturing process. One of the first attempts to produce a customized

medical device was done by Ambrogio et al. (2005). They manufactured an ankle support

using a reverse engineering approach, acquiring the patient’s shape to ensure an appropriate

agreement between the manufactured part and the actual geometry (Figure 2.44a). The
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ankle support was manufactured using Deep Drawing Quality steel (DDQ) and the SPIF

variant (Figure 2.44b) obtaining geometric deviation below 1 mm.

a) b)

Figure 2.44. a) Process cycle for a customized medical device. b) Ankle final part

(Ambrogio et al., 2005).

Tanaka et al. (2007) manufactured a pure titanium denture plate with SPIF. After
trimming with wire electrodischarge machining (EDM) a severe springback recovery took
place (Figure 2.45). Therefore, they analyzed the residual stresses of the sheet part using

numerical simulations varying the tool diameter and feed rate.

Figure 2.45. Pure titanium denture plate formed by SPIF and trimmed using wire-EDM
(Tanaka et al., 2007).

A recent publication (Milutinovic et al., 2014) has also been focused on the manufacturing of
a denture base by SPIF using two materials: a low carbon steel (DC04) and a ferritic
stainless steel (X6Crl7) (Figure 2.46). The geometric accuracy was analyzed using a 3D
scanning system, the maximum deviations (below 1 mm) were close to the edges of the

denture base.
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a) b)

Figure 2.46. a) Complete cast-metal denture base and b) SPIF manufactured denture base in
DCO04 (left) and X6Crl7 (right) (Milutinovic et al., 2014).

Another biomedical application that has been manufactured using SPIF is a part for a knee
implant (Oleksik et al., 2010), more specifically the articular resurfacing component of a
condylar implant (Figure 2.47). The authors used numerical simulation to determine the

thinning effect in the SPIF process for obtaining the knee condylar surface in pure titanium.

Figure 2.47. Condylar implant components: articular resurfacing component and fastening screw
(Oleksik et al., 2010).

The most widespread medical application in ISF is the customized cranial prosthesis. The
first publication that showed the possibility of manufacturing a customized cranial
prosthesis was done by Duflou and coworkers (Duflou et al., 2005). They compared the steps
required for manufacturing an aluminum 3003-O cranial prosthesis (Figure 2.48) using
hydroforming and using SPIF. It was revealed that SPIF allowed a significant reduction of
process time (16.5 days for hydroforming vs. less than 4 days for SPIF) becoming an
interesting approach not only for manufacturing cranial prosthesis but also for other

medical applications, such as the plates used in hip reconstructions.

a) b)

Figure 2.48. a) Cranial prosthesis design. b) Cranial prosthesis manufactured by SPIF
before trimming (Duflou et al., 2005).
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In the paper of Han et al. (2010) the methodology for obtaining the digital model of the
customized implant from the computed tomographies (CT) of the patient was explained in
detail (Figure 2.49a). The cranial prosthesis was manufactured using the TPIF positive
variant (Figure 2.49b) with steel (Figure 2.49¢) to show the feasibility of this ISF variant.

a) b) c)

Figure 2.49. a) Cranial prosthesis design, b) positive die, c) produced part (Han et al., 2010).

In the work of Gottmann et al. (2013), customized cranial implants in titanium grade 2
sheets were manufactured using the TPIF variant with a positive full die in order to
improve the accuracy of the parts (Figure 2.50). Furthermore, they evaluated the effect of
different forming strategies (one-step, multi-step and previous incremental bending) and
heat treatments before trimming the prostheses on the geometric deviations. They
manufactured the implants using expanded metal sheets and solid sheets with holes drilled

after the forming process (Figure 2.51).

Figure 2.50. Cranial model (a, b), positive full die design (c, d), die area covered by the implant (e)
and manufactured implant (f) (G6ttmann et al., 2013).
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Figure 2.51. Cranial implants produced from expanded metal sheets and from solid metal sheets

(the holes were drilled after forming) (Gottmann et al., 2013).
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Later, Lu et al. (2014) evaluate the properties of titanium grade 1 sheets and performed
finite element simulations and SPIF experimental tests to determine the feasibility for
producing customized cranial implants, analyzing the force required to form the sheet, the

thickness reduction, the geometric deviation and the surface finishing (Figure 2.52).

a) b)

Figure 2.52. Skull model (a) and finished part (b) (Lu et al., 2016).

Castelan et al. (2014), used the negative TPIF variant in order to manufacture a customized
cranial implant in titanium grade 2. The part was trimmed after performing a heat
trimming for stress relief and then a dimensional analysis between the CAD model and the
manufactured one was done by using a 3D scanning system. The results demonstrate that
significant discrepancies were obtained (£7 mm). However, due to the severe cranial injury
of the patient (Figure 2.53a), once the implant was assembled in the biomodel obtained by
3D printing, these discrepancies were almost negligible in the visual analysis because the
symmetry was nearly maintained (Figure 2.53b). They also pointed out the possibility of
notably reduce the cost of the cranial implant manufactured using IST respect to the cost of
the common manufacturing processes (molding or machining), becoming an interesting

approach for this kind of applications.

a) b)

Figure 2.53. a) Severe cranial injury. b) Assembly of the implant manufactured by TPIF
in the biomodel (Castelan et al., 2014).

Recently, Ambrogio et al. (2015) compared two alternatives for producing customized
cranial implants (milling and SPIF) in terms of forming approaches and part quality. It was
shown that with SPIF it is possible to reduce the raw material quantity and the material
waste, as well as the production time. Higher geometric discrepancies (about 2 mm) were

obtained in the lateral zones (Figure 2.54) which could be compensated using a die.
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Figure 2.54. Comparison between the CAD model and the ISF manufactured cranial implant after
trimming (Ambrogio et al., 2015).

ISF can be used to manufacture customized implants not only for repairing cranial injuries
but also for craniomaxillofacial defects. Duflou et al. (2013) manufactured aluminum,
stainless steel and titanium grade 2 frontal orbit implants (Figure 2.55a) using SPIF. A

feature assisted tool path planning was used to improve the accuracy of the implants (Figure

2.55b).

a) b)

Figure 2.55. a) Generation of the CAD model of a frontal orbit implant and b) accuracy of the
implant manufactured by SPIF (Duflou et al., 2013).

Araujo et al. (2014) determined the failure limits of SPII truncated cones and pyramids
manufactured in titanium grade 2 using the circle grid analysis. With this information, it

was possible to obtain successfully a facial implant without failure (Figure 2.56).

Figure 2.56. Model of the facial implant manufactured by SPIF (Araujo et al., 2014).

It is worth noting that the aforementioned research works have been carried out using
metallic materials (aluminum, steel or titanium). Nowadays, there are scarce publications
dealing with the production of any biomedical device or prosthesis manufactured with
Incremental Sheet Forming using biocompatible polymers. Fiorentino et al. (2012)
manufactured a palate prosthesis using a titanium alloy and PCL (polycaprolactone).
Although their results were promising an optimization of the process parameters should be

done in order to increase the accuracy of the part. Customized cranial implants
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manufactured in polymeric sheet by SPIF, can be found in the literature, which are mainly
focused on the evaluation of the accuracy of cranial prostheses in polycarbonate
(Bagudanch et al., 2014a). However, in order to achieve better accuracy results the TPIF
variant should be used. Thus, a niche market where the use of biocompatible polymers
manufactured by Incremental Sheet Forming can provide remarkable advantages in terms

of low cost and reduced time to market has been identified.

2.7 Summary and thesis framework

After reviewing the state of the art in ISF it has been detected an important niche of market
related with the use of thermoplastic materials, which will be the main topic of this thesis.
From this point of view, an initial framework (Figure 1.4) has been defined consisting in two
main blocks:

e The study of the influence of the process parameters on basic geometries manufactured by
SPIF'. This study will be carried out using non biocompatible polymers as well as
some biocompatible ones. The aim of this research is to increase the knowledge
regarding the behavior of polymers under the SPIF process analyzing deeply the
influence of the most common process parameters on the process outputs. With this
information it can be possible to obtain useful process guidelines that can be
employed in the second block of the thesis framework.

e Development of a cranial implant, the thesis cases of study, using biocompatible polymers.
In this case, the aim is to demonstrate the feasibility of producing a low cost cranial
implant meeting the geometric tolerances requirements. The first attempts for
obtaining a cranial implant will be done using the simplest ISF variant (SPIF) in
order to reduce costs and set-up complexity. However, in order to achieve an
appropriate implant with low geometric deviations the TPIF approach will be also

considered.

The subsequent sections of this thesis contain the research papers already published or
under review that have been developed according to the aforementioned framework and

aims.



Chapter 3. Forming force and temperature
effects on single point incremental forming
of polyvinylchloride

Chapter 3 presents an experimental study of the process parameters in SPIF (step down,
tool diameter, feed rate, spindle speed, sheet thickness) and their influence on the maximum
forming force, maximum achieved depth and surface roughness for a non-biocompatible

polymer, polyvinylchloride (PVC).

This study was presented in an article entitled “Forming force and temperature effects on
single point incremental forming of polyvinylchloride”, published in Journal of Materials
Processing Technology (Bagudanch et al., 2015a).

61
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ABSTRACT

Incremental Sheet Forming (ISF) is a technology that allows producing highly customized products at a
reasonable manufacturing cost, and Single point incremental forming (SPIF) is one of the simplest ISF pro-
cesses. In this sense, recent research works have revealed an increasing interest in forming thermoplastic
materials by ISF. The present paper focuses on determining the influence of the main process parameters,
i.e. the step down, spindle speed, feed rate, tool diameter and sheet thickness, on the maximum form-
ing force. Maximum depth has been analyzed as a formability indicator and surface roughness has been
also addressed. The results show a significant effect of the spindle speed in the ISF process of polymeric
materials, not only on the maximum forming force but also on its formability, by means of the maximum
depth reached, and on the surface roughness achieved. This is a consequent of the triggered increment
of temperature obtained due to the friction between the tool and the sheet blank, as far as temperature
variation is supposed to be the main factor causing the variation of the mechanical properties of thermo-
plastic polymers. The material used in this research work was polyvinylchloride (PVC), which becomes

rubber-like with the increase of temperature as a consequence of its viscoelastic behaviour.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, several innovative forming processes have been
developed with the aim of producing highly customized products
with a reasonable manufacturing cost. Incremental Sheet Forming
(ISF) is one of these new technologies gaining importance in the
last years and becoming the focus of interest for many researchers
and institutions.

In the traditional processing techniques of plastic materials it
must be applied heat and/or pressure to give the desired shape to
the material. In fact, temperature has a very important role in the
behaviour of plastic materials, specially referred to the phase tran-
sition, fluency characteristics, morphology and degradation. These
processing techniques require high production batches to recover
the costs derived of machinery, tools and energy. With this aim, it
is necessary to develop new technologies that allow the produc-
tion of smaller batches with shorter life cycles and a very low time
to market. Using ISF the production costs can be reduced as far as

* Corresponding author at: C/Maria Aurélia Capmany, 61 (Edifici P2 Campus Mon-
tilivi), 17071 Girona, Spain. Tel.: +34 972418265; fax: +34 972418098.
E-mail address: mluisa.gromeu@udg.edu (M.L. Garcia-Romeu).

http://dx.doi.org/10.1016/j.jmatprotec.2014.12.004
0924-0136/© 2014 Elsevier B.V. All rights reserved.

it is possible to work with polymers at room temperature and the
experimental set-up necessary to carry out the process is quite sim-
ple.In this sense, itis an economically viable manufacturing process
to produce small batches and customized plastic products.

The technology of ISF is mainly applied in the automotive and
aeronautic sectors, either to obtain functional parts or prototypes.
Moreover, there are other fields with an important potential for
the technology, such as the biomedical. Several works in the litera-
ture use ISF to produce parts such as an ankle prosthesis (Ambrogio
etal.,2005), a cranial implant (Duflou et al., 2005), a palate implant
(Tanaka et al., 2007) and most recently a part for a knee implant
(Oleksik et al., 2010). All of these applications have been man-
ufactured using metallic materials. Some biocompatible metallic
materials, such as titanium, are very difficult to deform at room
temperature. Therefore an additional heating system should be
used in order to increase the formability and to produce the desired
part. Thus, a niche market where the use of biocompatible polymers
manufactured by ISF can provide remarkable advantages in terms
of low cost and reduced time to market has been identified.

The first research work in which the feasibility of using ISF to
produce parts with thermoplastic materials was demonstrated was
done by Franzen et al. (2008). The paper was focused on the eval-
uation of the performance of PVC (polyvinylchloride). Their results
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Fig. 1. (a) Experimental set-up used on a 3 axis CNC milling machine. (b) Design of the pyramidal frusta of circular generatrix.

demonstrated that new deformation mechanisms and modes of
failure appeared (cracking, wrinkling and oblique cracking), which
some of them were absent when working with metallic sheets
(Silva et al., 2008). Le et al. (2008) published the results of a set of
experiments for the SPIF of PP (polypropylene). The influence of the
forming parameters and their interaction on the formability was
analyzed. In the work of Martins et al. (2009) five polymers were
studied. For each material FFLDs (Fracture Forming Limit Diagrams)
were obtained. Modes of failure, strains at rupture, formability,
accuracy of final parts and colour variation during cold formation
were evaluated.

Recently, Silva et al. (2010) identified a theoretical frame-
work for rotationally symmetric conditions that allowed studying
quantitatively and qualitatively the influence of major forming
parameters. The paper was based on membrane analysis and SPIF
tests using PVC sheets. An analytical framework able to model the
first mode of failure identified in Franzen et al. (2008) was devel-
oped. In a subsequent work, Marques et al. (2012) extended the
analytical model previously described in Silva et al. (2010) in order
to be able to model the second and third modes of failure by means
of membrane analysis.

In the paper of Alkas Yonan et al. (2014) the plastic flow and
failure of PVC sheets were characterized in conventional and multi-
stage SPIF. They proposed a methodology to determine the stresses
and the accumulated values of ductile damage from the strains
measured by means of a digital image correlation technique. The
stress—strain curves were experimentally obtained by tensile and
stack compression tests and they approximated the relationship
of true stress and true strain by a Ludwik-Hollomon’s law, typi-
cally used in metallic materials. In order to determine the damage,
a pressure modified version of the von Mises yield criterion was
employed.

Taking into account all the previous research work, a gap of
knowledge related to the forming force involved in the SPIF process
of polymer materials has been identified. The interest of study-
ing the effect of the technological parameters in the ISF process
force is relatively recent, and it has been mainly studied for metallic
materials (Perez-Santiago, 2012). Forming force estimation in ISF is
especially important in the case of using machinery adapted for the
process like milling centres and robots. One of the first works was
done by Jeswiet et al. (2005) who measured force magnitudes of
TPIF and SPIF truncated cones and pyramids, using AA3003-0. Later,
Duflou and Tunckol (2006) identified the differences in the force
curves corresponding to successful and failed SPIF cones manufac-
tured with AA3003-0. Durante et al. (2010a) measured the forces
developed during the SPIF forming of AA7075-TO using a more com-
plex geometry (variable wall angle conical frusta). Aiming for quick
estimations of the maximum force, several researchers have pro-
posed analytical models intended for uniform wall angle (UWA)

geometries formed with different materials, such as the empirical
equation obtained by Aerens et al. (2010).

Therefore, the present paper is mainly focused on the maxi-
mum forming force evaluation under the influence of some process
parameters (step down, spindle speed, feed rate, tool diameter and
sheet thickness). Maximum depth as a formability indicator and
surface roughness will be studied. In addition, due to the viscoelas-
tic behaviour of polymers, the effect of the temperature variation
during the forming process will be analyzed.

2. Experimental setting

The experimental set-up used to register experimental data is
widely described in a previous author’s work (Bagudanch et al.,
2013). The clamping system is shown in Fig. 1a.

2.1. Part geometry

The selected geometry is a pyramidal frusta with circular gen-
eratrix and variable wall angle (VWA). This part geometry has been
extensively used in previous works that focus on the application of
the SPIF processes of polymeric and metallic materials (Bagudanch
et al., 2013). The length of the pyramidal edges is 105 mm with an
initial wall angle of 45° and an 80 mm generatrix radius (Fig. 1b).
The final angle was chosen to be 80° in order to capture, among
others, the influence of the forming forces, temperature, feed rate,
spindle speed, and workpiece thickness during its formability pro-
cesses, as it will be discussed in the following sections.

2.2. PVC samples material properties

The SPIF tests were performed in several PVC (polyvinylchlo-
ride) sheet samples with two different thicknesses: 1.5 mm and
2mm. It is well known that the PVC has an amorphous struc-
ture with polar chlorine atoms. In accordance with the supplier
of the PVC material, its glass transition temperature Tg is 82°C.
The mechanical properties of the PVC samples were characterized
by carrying out a series of uniaxial tensile tests performed in a
MTS Insight universal testing machine with 10 kN load cell. Three
replications of each test were performed until the specimen fail-
ure by following the specifications of the ASTM D 638-02a norm.
The tests were performed at room temperature, 40°C and 60°C
in order to analyze the influence of the temperature variation in
the polymeric behaviour. It was noticed that the material sam-
ples experienced a linear elastic response followed by a yielding,
softened behaviour.
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2.3. Experimental plan

The experiment plan was designed with the aim of learning
how the forming parameters influence the formability of the PVC
specimens and to quantify this influence.

Therefore, the experiments have been focused on the following
five forming parameters based on the experience of the previous
research works (Silva et al., 2010): step down was set to 0.2 and
0.5 mm, two tool diameter were used (6 and 10 mm), the feed rate
was set to 1500 and 3000 mm/min, the spindle speed was defined
as free (the tool will rotate depending on the friction due to its
contact with the blank), 1000 rpm and 2000 rpm, and finally two
different sheet thicknesses were used (1.5 mm and 2.0 mm).

A 2°71 factorial design of experiments was defined in 16 runs.
Also, three replications for each experiment were considered so
that a total of 48 tests were planned.

During the recording of the experimental data, the following
magnitudes were registered:

e Maximum forming force in the vertical direction (F; max): the
forming forces were collected with a frequency of 10 values per
second using the dynamometric table. Then, its magnitudes were
filtered using Matlab® to obtain its maximum value. As previously
demonstrated by other authors (Jeswiet et al., 2005), the predom-
inant magnitude of the forming forces in ISF corresponds to the
component aligned with the tool axis. Therefore, in the present
paper the forces in the x and y directions will not be considered.
Maximum depth (Zmax): the maximum depth is obtained directly
from the Computer Numerical Control (CNC) of the machine. The
lecture of its value is recorded just when the failure of the sheet
appears.

Surface roughness (R;): the measurements of the surface rough-
ness are obtained with a Mitutoyo Surftest SV-2000 profilometer
using the following parameters: (i) measured length: 8.8 mm;
(ii) profile type: R; (iii) evaluation length: 0.8 mm; (iv) sampling
length, I,: 8.0 mm.

3. Results and discussion

Fig. 2 illustrates the PVC material response when subjected
to simple uniaxial load at different testing speeds and tempera-
tures and provides the values of the Young modulus (E) and the
yield stress (oy). Three replicates of each test were done obtaining
repeatable results. As it can be seen from Fig. 2, these experimen-
tal tests show that for increasing testing speeds, the yield stress
is higher with a decreasing strain value at the material fracture
and the Young modulus increases. When the testing temperature
is increased the Young modulus and the yield stress diminish their
value. This strain-rate and temperature dependant behaviour is
very common for thermoplastic materials.

Table 1 shows a summary of the mean values (3 replicates for
each test) of the collected forces, step down, and surface roughness
obtained at each experimental run. Notice that in the last column
of Table 1, it has been indicated if the sheet fracture (f) or it was
successfully formed without wrinkles (s) or with some wrinkles
defects (w).

An analysis of variance (ANOVA) has been done in order to
identify the influence of the factors for maximum forming force,
maximum depth and surface roughness (Table 2). This table pro-
vides information regarding the degrees of freedom (DF), the sum
of squares (SS), the mean squares (MS), the F-and P-value, for each
one of the main effects and the two-way interactions. The factors
that have a significant effect on the analyzed responses are the ones
with a P-value less than 0.05 (values in bold in Table 2).
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Fig. 2. Stressstrain curve for PVC: (a) under different testing speeds at room temper-
ature, (b) at 50 mm/min at various temperatures and (c) at 500 mm/min at various
temperatures.

The discussion according to these results is divided in three sec-
tions: maximum force, formability and surface roughness. In order
to deeply understand the behaviour of the material some addi-
tional tests and measurements have been performed as it will be
explained in the subsequent sections.

3.1. Maximum forming force

Previous research works, as stated in Section 1, have reviewed
the effect of technological parameters on the forming forces in
Incremental Sheet Forming. From these studies it is known that
the parameters that mainly influence the maximum vertical force
attained during SPIF of metals are the tool diameter and the sheet
thickness. Aerens et al. (2010) quantified this influence proposing
an empirical formula that predicts the steady state vertical force of
truncated cones as a function of the material tensile strength, the
scallop height, tool geometry, and sheet thickness. This equation,
obtained from the results of an experimental campaign conducted
on several metallic materials, has the following structure:

Fzs =0.0716 - Ry - t}>7 - d41 . Ah®%9 . v . cos o (1)
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Table 1
Results of the design of experiments (DOE).
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ID Step down Tool diameter Feed rate Spindle speed Sheet thickness F; max (N) Zmax (Mm) R, (pm) Observations
(mm) (mm) (mm/min) (rpm) (mm)
1 0.2 6 1500 Free 2.0 416.65 37.66 0.321 f
2 0.2 6 1500 2000 1.5 343.53 33.35 0.359 f
3 0.2 6 3000 Free 1.5 287.80 35.13 0.377 f
4 0.2 6 3000 2000 2.0 394.70 41.53 1.002 f
5 0.2 10 1500 Free 1.5 394.53 33.50 0.426 f
6 0.2 10 1500 2000 2.0 357.39 42.32 0.422 s
7 0.2 10 3000 Free 2.0 480.36 37.98 0.450 f
8 0.2 10 3000 2000 1.5 311.94 4213 0.374 w
9 0.5 6 1500 Free 1.5 319.10 34.99 0.422 f
10 0.5 6 1500 2000 2.0 373.30 40.18 1.374 f
11 0.5 6 3000 Free 2.0 397.60 41.50 0.889 f
12 0.5 6 3000 2000 1.5 254.86 38.36 0.443 f
13 0.5 10 1500 Free 2.0 554.68 40.65 0.405 f
14 0.5 10 1500 2000 1.5 323.62 38.96 1.913 w
15 0.5 10 3000 Free 1.5 338.63 42.67 0.454 w
16 0.5 10 3000 2000 2.0 469.16 43.00 0.620 s

f: fracture, s: success, w: wrinkles.

where Ry, is the ultimate tensile strength, ty is the initial sheet
thickness, d; is the tool diameter, « is the initial wall angle and
Ah is the scallop height that has the following relationship with
the step down (Az) (Aerens et al., 2010):

Ah-(di — Ah)~2-sin o - /Ah-d;

According to Eq. (1), as the initial sheet thickness, the tool
diameter and the step-size increase, the maximum forming force
increases, too. The same trend is observed in the results obtained in
the present experimentation (Table 2). For higher sheet thickness,
the force is higher because more material has to be pushed down
in order to apply the deformation. When higher tool diameters are
used the force also increases due to a higher contact zone between
the tool and the sheet. The step down has a little influence on the
maximum vertical force measurements. This finding agrees with
the effect that step down has in metals, as it is shown in Eq. (1) for
which the term Ah has an exponent value of 0.09.

Even though the Aerens formula was developed for metallic
materials, Eq. (1) has been applied for predicting the maximum
forming force in the experiments performed in the present paper,
by considering the parameters of each test and the value of

Az=2 sinuo-

(2)

61.34 MPa for the ultimate tensile strength (see Fig. 2a). The results
demonstrate that the equation provides an overestimation of the
force magnitude, obtaining errors up to 41%. The cause of this devi-
ation could be mainly due to: (i) the completely different behaviour
between metals and polymers; (ii) the equation was obtained by
means of experimental tests conducted in geometries with a con-
stant wall angle whereas in the present paper the geometries have
a variable wall angle; (iii) but also due to the effect of another pro-
cess parameter that was not taken into account in the equation, the
spindle speed, as will be deeply discussed below.

One must notice that in Eq. (1), the spindle speed effect has
not been taken into account since it was found through experi-
mental tests on metals, that the rotation of the tool does not have
a significant influence in the vertical force magnitudes (Durante
et al., 2009). However, the spindle speed has a strong influence
on the maximum vertical force magnitude achieved during the ISF
manufacturing processes of the PVC polymeric part as shown in
Table 2. This was first noticed in a previous research work of one of
the authors (Bagudanch, 2012). To the best of the author’s knowl-
edge, this effect has not been previously reported in the literature.
From experimental tests, it can be concluded that the variation
of the forming force (F;) as a function of the spindle speed can

Table 2
Analysis of variance of the maximum force, maximum depth and surface roughness.
Source DF Fz max (N) Zmax (mm) Ra (P«m)
SS MS F P SS MS F P SS MS F P

Main effects 5 207,491 41,498 11.18 0.000 367.607 73.521 6.60 0.000 3.18997 0.63799 3.06 0.023
Delta z(mm) 1 364 364 0.10 0.756 52.329 52.329 470 0.038 1.45882 1.45882 7.00 0.013
Tool diameter (mm) 1 36,760 36,760 9.90 0.004 64.376 64.376 5.78 0.022 0.00291 0.00291 0.01 0.907
Feed rate (mm/min) 1 4093 4093 1.10  0.302 80.130 80.130 719 0011 0.19969 0.19969 096 0335
Spindle speed (rpm) 1 24,414 24,414 6.57 0.015 46.602 46.602 418 0.049 143313 143313 6.88 0.013
Sheet thickness (mm) 1 141,860 141,860 3820 0.000 124.170 124.170 11.15 0.002 0.09541 0.09541 046 0.504

Two-way interactions 10 61,462 6146 1.66 0.136  122.906 12.291 110 0389 574752 057475 276 0.014
Delta z x Tool diameter 1 10,772 10,772 290 0.098 0.737 0.737 0.07 0.799 0.07954 0.07954 0.38 0.541
Delta z x Feed rate 1 1003 1003 0.27  0.607 0.123 0.123 0.01 0917 1.06565 1.06565 5.11 0.031
Delta z x Spindle speed 1 56 56 0.02 0.903 38.657 38.657 347 0072 047800 047800 229 0.140
Delta z x Sheet thickness 1 11,460 11,460 3.09 0.089 4.754 4.754 043 0518 0.06840 0.06840 0.33 0.571
Tool diameter x Feed rate 1 1435 1435 0.39 0.539 0.000 0.000 0.00 0999 042375 042375 2.03 0.164
Tool diameter x Spindle speed 1 11,845 11,845 3.19 0.084 10.463 10.463 094 0340 0.03392 0.03392 0.16 0.689
Tool diameter x Sheet thickness 1 2519 2519 0.68 0416 28.509 28.509 2,56 0.119 198535 1.98535 9.53 0.004
Feed rate x Spindle speed 1 8537 8537 230 0139 0.015 0.015 0.00 0971 0.92685 0.92684 445 0.043
Feed rate x Sheet thickness 1 9693 9693 2,61 0.116 38.274 38.274 344 0.073 0.68545 0.68454 329 0.079
Spindle speed x Sheet thickness 1 4141 4141 112 0.299 1.375 1.375 0.12 0.728 0.00060 0.00060 0.00 0.957

Residual error 32 118,824 3713 356.411 11.138 6.66978  0.20843

Total 47
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Fig. 3. Tool tip and polymeric part temperatures distribution recorded at the spindle speed of: (a) 2000 rpm during the SPIF process, (b) 2000 rpm at the end of the SPIF

process, (c) “free” during the SPIF process and (d) “free” at the end of the SPIF process.

be explained with the material temperature variation during the
SPIF manufacturing processes, since it is well known that the load
needed to deform a polymeric-like material significantly decreases
with the temperature, as discussed for instance in Jardet and Morel
(2003).Inorder to validate this conclusion, a thermographic camera
IRBIS ImagelR® 3300 has been used to record the material temper-
ature values during its SPIF manufacturing processes.

Two tests were set to measure the material temperature as a
function of the spindle speed: one with a spindle speed value of
2000 rpm and the other with a free tool rotation. The tests were
performed by using the following values: 2 mm sheet thickness,
a feed rate of 3000 mm/min, a tool diameter of 10 mm with a
0.5mm of step down. The measurements of temperature distri-
bution recorded for each case are shown in Fig. 3. As it can be seen
from this figure, the magnitude of the temperature varies on the
tool tip as a function of the friction and the spindle speed (Mens
and de Gee, 1991).

As shown in Fig. 3, the material temperature increases slightly
when the tool rotates freely. This is mainly due to small friction
effects between the tool and the material specimen. In this case,
an increase on the vertical force magnitude is needed to manufac-
ture the polymeric part. However, this is not the case for which
the spindle speed is 2000 rpm since it has been found that dur-
ing the SPIF manufacturing processes, the specimen reached an
average temperature value of 74.05°C with a decreasing form-
ing force magnitude F,. In accordance with these experimental
facts, it can be concluded that besides the friction between the

tool tip and the polymeric sheet, the spindle speed also influ-
ences the maximum value of the forming force that is needed to
manufacture polymeric parts though the SPIF processes. There-
fore, in order to increase PVC formability in SPIF, spindle speed,
friction conditions and temperature effects must be taken into
account.

In order to deeply analyze the effect of the spindle speed on
the forming force, eight additional tests at an intermediate spindle
speed (1000 rpm) have been done and added to the experimental
results. With the results obtained from these tests and the results
previously presented for the proposed DOE, an ANOVA analysis for
the forming force is presented. The parameters used in the tests
(A-H) are detailed in the table of Fig. 4a as well as the main effects
plot for the forming force. The mean force values shown in Fig. 4a
for free and 2000 rpm spindle speeds are obtained according to the
results presented in Table 1, whereas the value corresponding to
1000 rpm is obtained from the additional experiments (see exper-
imental data in Fig. 4a). It can be observed that there is a linear
decrease of the forming force with the increase of the spindle speed.
Furthermore, the evolution of the vertical forming force along the
part’s depth during its manufacturing process for three tests at dif-
ferent spindle speeds (free tool rotation, 1000 and 2000 rpm) is
illustrated in Fig. 4b. It is clear from this figure, that the heat genera-
tion due to the friction has an effect on the maximum forming force,
as previously mentioned, but also on the force evolution during
the manufacturing process. For higher spindle speeds the form-
ing force notably decreases as well as its slope. This is a fact that
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Fig. 4. (a) Main effects plot for the forming force with the variation of the spindle speed considering the tests done in the DOE and the additional tests. (b) Evolution of the

vertical forming forces for different spindle speeds with the part’s depth.

could be expected from the tensile tests done at different testing
temperatures (Fig. 2b and c).

3.2. Formability

In this section the attention is focused on understanding how
the process parameters influence the formability by means of the
maximum depth achieved before tearing or wrinkling occurs in the
specimen. As detailed in Table 2, every effect has a significant influ-
ence on the maximum depth. In this sense, the spindle speed has
an important influence on formability evaluated by means of the
maximum depth value. This effect is related to the heat generation
due to the friction between the tool and the sheet since at higher
material temperatures (below Tg) elongation and formability
increases.

The results in Table 1 show that, for a 6 mm tool diameter, the
final depth achieved is smaller than the one attained using a big-
ger tool. During the experimental testing, it was observed that the
indentation increased with a smaller tool diameter. This can be
explained by considering that the local deformation values around
a small tip tool diameter are higher than those of a bigger tool. The
influence of the spindle speed and the tool size on the maximum
depth is similar to the experimental finding of Le et al. (2008) in the
SPIF manufacturing process of a polypropylene (PP) thermoplastic
material.

On the contrary to the regular behaviour of metal (Centeno
et al.,, 2014) and polymer (Le et al., 2008) sheets deformed by SPIF,
it was observed in the present case that the formability increased
at larger step downs and feed rate values. For instance, this forma-
bility behaviour of PVC is the opposite from that found by Le et al.
(2008) in the case of PP. An explanation for the difference in the

formability trends could be related to the rheological properties
of thermoplastic materials (Shaw and MacKnight, 2005). It is well
known that polymers exhibit a drastically different behaviour
depending on their molecular weight (Pan et al., 2005), even to the
extent to observe trends that are not in accordance to those previ-
ously found in the literature, especially if two different polymers
are being compared. Furthermore, it should be mentioned that
a same type of thermoplastic material (for instance, PVC) can be
found with different molecular weights depending on the arrange-
ment of polymer chains, the polymerization reaction, etc. From the
literature review, it can be noticed that the polymer characteriza-
tion is mainly based on the mechanical properties (Young modulus,
yield stress, etc.) typically found in metallic materials. However,
it is scarce regarding other inherent polymer aspects, such as the
thermal or rheological characteristics. For that reason, in future
work, it would be important to improve the information about the
polymer properties, including, among others, the molecular weight
of the materials used in SPIF in order to be able to quantify in which
degree the rheological properties can influence the formability.

As it can be seen from Table 1, the final part deformed from a
2 mm thickness sheet was successfully achieved (for example, the
experiment 16 shownin Fig. 5a). However, some wrinkles appeared
in the final part of 1.5 mm thickness (experiment 15 in Fig. 5b).
Therefore, it can be concluded that sheet thickness influences the
formability and the appearance of wrinkling for PVC parts, as it
occurs in sheet metal.

In order to analyze the sheet formability, a sheet of PVC has
been marked using serigraphy with a circle grid of 1 mm of diam-
eter and a distance between circle centres of 3 mm (see Fig. 5c).
Principal strains on the outer sheet surface were obtained on dif-
ferent sections of the final part by using the 3D deformation digital
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Fig. 5. Successful formed part of (a) 2 mm thick sheet (no wrinkles), (b) 1.5 mm thick sheet (wrinkles) and (c) Forming Limit Diagram (FLD) of PVC sheets.

measurement system ARGUS® based on circle grid analysis. The
methodology used to obtain the measurements is the same as the
one deeply detailed in a previous work of the authors (Centenoetal.,
2014). As expected, the area of maximum major strain was located
close to the crack (see Fig. 5c). The measurement system is only
capable to measure the ellipses above and below the crack, so the
fracture strains must be either interpolated or indirectly calculated
based on volume constancy (see Centeno et al., 2014). Notice that
in the walls of the pyramid the deformation mode is plane strain
while in the corners is biaxial stretching.

In order to verify the material incompressibility two sections of
the final part have been cut in the zone of fracture, including the
biaxial stretching and the plane strain deformation modes (sec-
tions 1 and 2 in Fig. 5c). Within the FLD (Forming Limit Diagram)
the major (¢1) and minor (&) strains at fracture were obtained for
each section. From Fig. 5c it can be observed that the strains at
fracture are close to the maximum strains obtained by ARGUS®,
meaning that the fracture mechanism is not driven by an instable
process such as necking. In this regard, measuring the sheet thick-
ness along the crack it is possible to calculate 3 from the initial
sheet thickness; being its mean value in the biaxial zone —1.098
and in the plane strain zone —0.905.

If a material is considered as incompressible the following con-
dition of volume constancy must be satisfied:

&3f=—(81,f+&2¢) (3)

The theoretical values of &3 (calculated using the major and
minor strains at fracture) in the biaxial stretching zone and in the
plane strain zone are respectively —1.099 and —0.905, being the
incompressibility error within the +-10%. Therefore, the theoretical
and the measured thickness strains at fracture are nearly identical
in both strain states, i.e. plane and biaxial strains, and it is possible
to conclude that the PVC specimens behave as an incompressible
polymer.

3.3. Surface roughness

The study of the surface roughness in Incremental Sheet Form-
ing compared to other responses is scarce, for both, metallic and
polymeric parts. In the work of Durante et al. (2010b), an analytical
model is proposed to predict the surface roughness. This model has
an acceptable agreement with the experimental values. They deter-
mined that the surface roughness varied with the tool diameter, the
step down and the wall angle. Recently, Liu et al. (2014) proposed
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Fig. 6. (a) Worst surface roughness (experiment 14). (b) Best surface roughness (experiment 1).

a methodology to empirically describe a relationship between the
overall surface roughness obtained in aluminium parts and four
process parameters (tool diameter, sheet thickness, feed rate and
step down). They identified by means of an ANOVA analysis that
the sheet thickness and the step down were the most significant
parameters.

From the results obtained in the present work (Table 2) it can
be concluded that the step down and the spindle speed, as main
effects, and the interactions between the step down with the feed
rate, the tool diameter with the sheet thickness and the feed rate
with the spindle speed are the parameters that have the most sig-
nificant influence on the surface roughness values.

The influence of the step down was expected because at higher
step down the generated tool path will slightly differ of the geom-
etry profile due to the interpolation. The choice of the step down
should be a compromise between the manufacturing time and the
desired surface finishing.

As increasing spindle speeds, the surface roughness also
increases. This effect might be mainly due to the temperature dis-
tribution during the SPIF process. In fact, when the spindle speed is
2000 rpm, the measured temperature on the polymeric part shown
in Fig. 3a is about 78.89°C. This temperature value is close to the
PVC glass transition temperature (Tg =82 °C). Therefore, a little rise
on the sheet temperature value can cause some modifications of the
polymer molecular structure (from hard to a rubber-like state) and
the appearance of several blobs (Fig. 6a). As a consequence of this,
alterations on the sheet surface appeared and the surface roughness
increased (cases 4, 10 and 14 from Table 1, where R, is bigger than
1 wm). On the contrary, Fig. 6b illustrates the case where the best
surface roughness was achieved. These images were obtained by
using a Stereoscope Discovery 11 with a magnification factor of one.
Therefore, to avoid these undesirable surface roughness effects, the
spindle speed must be tuned to a value for which the maximum
temperature distribution is below, in some percentage, to the glass
transition temperature of the polymeric part.

4. Conclusions

Two main contributions from this experimental work should
be highlighted: (i) the analysis of the maximum forming force
variation with respect to the most significant process parame-
ters involved in the SPIF technology and (ii) the decisive effect of
the spindle speed while forming polymeric materials by SPIF. This
effect of the spindle does not only have the capability of decreasing
the maximum forming force, but also increases the sheet forma-
bility, evaluated by the maximum depth achieved, and affects the
surface roughness, which can be related to the increase of the tem-
perature due to the friction between the tool and the blank. This
variation of the temperature causes a change of the material prop-
erties, becoming more rubber-like at higher temperatures.

As a final remark and based on the experimental facts observed,
itis clear that the material response behaviour during the SPIF man-
ufacturing processes could be quantitatively described by using
glassy polymer material models such as those proposed by Boyce
et al. (1988) or Ho and Krempl (2002) on which the temperature
and strain rate are taken into account. This could help to identify
the spindle speed operational bandwidth to fulfil with the expected
quality and cost of the finishing part and will be studied in a future
research work.
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Chapter 4. Incremental forming of polymers:
process parameters selection from the
perspective of electric energy consumption
and cost

Chapter 4 presents an experimental work to: (i) analyze the time share, power and energy
consumption in SPIF; (ii) select the most suitable process parameters (step down, tool
diameter, feed rate, spindle speed, sheet thickness) to achieve an appropriate compromise
between final depth, surface roughness and energy consumption and (iii) calculate the cost
of the experiments and propose an empirical equation for the energy consumption. In this

work two non-biocompatible polymers are used, PVC and PC.

This study was presented in an article entitled “Incremental forming of polymers: process
arameters selection from the perspective of electric energy consumption and cost”, published in
P t lect the perspect lect gy pt d cost”, published

Journal of Cleaner Production (Bagudanch et al., 2016).
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In recent years, environmental and sustainability concerns have attracted considerable attention in the
field of mechanical engineering. A number of contributions have focused on the environmental footprint
or life cycle analyses of typical manufacturing processes. However, for forming processes, this kind of
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order to minimize energy consumption and costs.
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1. Introduction

Over the years, manufacturing processes have been analyzed
from several points of view. One of the most widespread aims is to
optimize the process parameters in order to obtain a successful part
with a high degree of geometric accuracy as well as to increase
productivity and to minimize costs.

When developing cost models for manufactured parts, several
cost components have to be considered (Fiorentino, 2014). The
traditional components are associated with the direct costs of
materials, tools, equipment, processing time and labour, among
others. However, in recent years, due to growing concerns about
environmental and sustainability issues in manufacturing pro-
cesses (Duflou et al., 2012), the latest models also include the in-
direct costs from, for example, transportation, carbon emissions
and energy consumption, in the pursuit of more sustainable
manufacturing processes (Branker, 2011).

Recent studies and government directives on energy efficiency
in the manufacturing industry have revealed that cutting machine
tools consume a significant amount of energy per part manufac-
tured. Therefore, there is a great potential for saving energy by
optimizing the process parameters and many research papers have

* Corresponding author. C/Maria Aurelia Capmany, 61 (Edifici P2 Campus Mon-
tilivi), 17071 Girona, Spain. Tel.: +34 972418265; fax: +34 972418098.
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0959-6526/© 2015 Elsevier Ltd. All rights reserved.

been focussing on this line of research, the most relevant of which
are as follows:

Gutowsky et al. (2006) determined the electrical energy re-
quirements for several manufacturing processes, in an exergy
framework. They demonstrated that the energy required for the
actual machining was a small proportion of the total energy
consumed during the process. Most of the energy requirements are
due to additional functions of the machine tools, such as cooling.

Kara and Li (2011) presented and tested an empirical energy
model that depended on the process variables for material removal
processes on several turning and milling machine tools.
Aramcharoen and Mativenga (2014) proposed an energy model for
estimating the energy consumed in a machining process for a
discrete component and obtained 95% accuracy in their results
when compared to online monitoring. It was also demonstrated
that energy consumption could be reduced by selecting an appro-
priate tool path.

Velchev et al. (2014) presented a direct energy consumption
model expressed by means of the cutting parameters in turning
operations. In this model, the optimum cutting parameters are
determined by applying the minimum energy criterion.

Life cycle assessment (LCA) principles were used by Cao et al.
(2012) to quantify the carbon emissions of machine tools. The
LCA took into account the manufacture, use, transportation and
recycling of the tools. The most dominant carbon emissions were
due to electricity consumption during the use phase.
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List of symbols

Cisp total cost of the ISF process
Crm raw material cost
Cserup  total cost of the experimental setup needed to develop

the ISF process
Cman operator cost
Cinach machine availability cost
Vsetup volume of the experimental setup
Crmanufacturing manufacturing cost of the experimental setup per
volume unit
Keomplexity coefficient for estimating the complexity of the ISF
experimental setup

Nparts number of parts to be manufactured

Rman labour cost per hour

tman labour time

Nman number of employees

Rmach machine cost per hour

tpart processing time in incremental sheet forming
operation

Iy utilization index of CNC machine operator

Cpow power supply cost

Cind general industrial cost

tisF processing time in incremental sheet forming
operation

Q production lot size

Cpos positioning costs

Cor cost of the part program development for the CNC code

Ctool tool cost

MS net monthly salary of the worker

Ppow nominal power of the CNC milling machine

Ky effective utilisation coefficient of the power

Upow unit cost of the power

i substitution rate for the machine tool

n useful life of the machine

CM investment cost of the machine tool

A coefficient to calculate the general industrial cost

tpos time necessary to clamp the blank on the machine tool

tsetup time required to set up the tooling framework

Cmanit cost per hour of a skilled operator

tor time necessary to develop a part program

Cs forming cost

Cs setup cost

(@ cost of workpiece and equipment handling

C; tooling cost

Cwmp direct material cost

Cwmip indirect material cost

Cep direct energy cost

Cea ancillary energy cost

Cenv environmental burden cost

tf forming time

L¢ labour rate

B¢ burden rate including depreciation, maintenance,
taxes, interest rate

K forming cost rate including L¢ and B¢

N, number of parts

ts setup time

t) idling time

te time required to change tool

K¢ tool cost

T tool life

Km cost of workpiece material

MD direct material used

Kror cost of forming lubricant

LO¢ quantity of forming lubricant used

Kio cost of machine lubricant

LO quantity of machine lubricant used

Kg cost of electricity

Ep direct energy consumed

Ea ancillary energy consumed

Eco, CO; emitted due to energy

LOfo, CO, emitted due to forming lubricant

LOco, CO, emitted due to machine lubricant

TLco, CO, emitted due to the tool

MLco, CO; emitted due to direct material

Kco, carbon cost

There are, however, other manufacturing processes that use
these kinds of machines, one of which is incremental sheet forming
(ISF). This is the process addressed in the present work.

The ISF process can be conducted in any computer numerically
controlled (CNC) 3-axis machine, as they allow for high feed rates,
significant work volume and the required stiffness. Indeed, a CNC
milling machine is one of most commonly-used machines for ISF
because it is already installed in most workshops, so there is no
need to make a large investment in other machinery (Jeswiet et al.,
2005a). Besides the forming tool, all that is required is a clamping
system to convert a milling machine into an ISF system, and this is a
relatively inexpensive solution.

Commonly, the materials used in ISF are metallic materials, such
as aluminum alloys (AA1050 or AA3003, among others) or certain
steels (DCO4, AISI304, etc.) (Aerens et al., 2010). This is mainly
because they are relatively easy to form at room temperature if
good lubrication conditions are maintained. More recently, other
metallic materials which require an additional heating system in
order to ensure good formability, such as titanium alloys
(Fiorentino et al., 2012) or magnesium alloys (Ambrogio et al.,
2008), have been used.

However, as recent publications have shown, there is an
increasing interest in forming polymer materials, especially ther-
moplastic materials. The main advantage of applying ISF to poly-
mers is that the process can be performed at room temperature.
The first polymer used in single point incremental forming (SPIF)
was PVC in a study by Franzen et al. (2008). The formability limits
were characterized using variable wall angle geometry and new
deformation mechanisms associated with the polymer behavior
were identified. The work of Martins et al. (2009) focused on
evaluating the suitability of various polymers (POM, HDPE, PA, PVC
and PC) in the SPIF process. For each material, Fracture Forming
Limit Diagrams (FFLDs) were obtained as well as failure modes,
strain at failure, accuracy of the shaped parts and color variation.
Criteria for selecting the best polymer were presented which
considered ductility, springback (elastic recovery), color variation
(aesthetic factor) and price.

The costs involved in these processes have also been investi-
gated. Three cost models have been proposed for ISF and the
equations of these models are summarized in Table 1. The advan-
tage of the first, developed by Hirt et al. (2003), is that their pro-
posed equation is very simple, as it considers only the costs of raw
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Table 1
ISF cost models equations.

Equation

Hirt et al., 2003
Csetup

Cisr = Crm + csetup + Cman + Cmach
_ Vsetup - Canufeturing * Keomplexity _’Kcomp]exity — 0.7 for ISF

N,
Cman = Rman*tman"Nman — Nman = 0.3 for ISF

Cmach = Rmach‘tpart
CISF = (Cman‘lu + Cpow + cmach + Cind)'tlSF‘Q + (CRM + Cpos)‘Q + (Csetup + Cpr + Ctool)

Ambrogio et al., 2003

Con — MS:13:15
man = ~350.8
Cpow = Ppow " Ku-Upow
C _ (+)"i cm
‘mach = [137)7-1 2000

ind = (Cpow + Cman)‘)\
M = Cman + Cmach + Cind

Cpos = tpos'l\/l

Csetup = tsetup‘M

Cpr = Cmanl 'tpr
Branker, 2011

Cisg = C¢ + Cs + G + C¢ + Cup + Cuvip + Cep + Cea + Cenv

Cr = te(Lg + Br) = tr- Ky
K

s = Nf;‘ts
C =t-Ke
Ce = (Ke-te + Ke)-§
Cvip = Km-MD
Cmip = Kpof LOf + Kio-LO
Cep = Kg-Ep

Cenyv = (EC02 + ].Ofco2 + LOC()2 + TLCOZ + MLCO;)'kCOZ

material (Crv), equipment (Csetyp), labour (Cpan) and
manufacturing (Cpach). Ambrogio et al. (2003) included more fac-
tors that affect the cost of the process, such as the power cost (Cpow)
estimated by an effective use coefficient and the nominal power of
the machine; general industrial costs (Cinq) calculated as a pro-
portion of the manpower and power costs; the cost of positioning
the part to be manufactured (Cpos); the cost of developing the CNC
code (Cpy) and the tool cost (Ceool). Recently, Branker (2011) pro-
posed the most complete and accurate equation for estimating the
ISF cost to date. Not only does it consider all the terms specified in
Ambrogio's equation — with some improvements, such as the
measurement of the energy consumed during the process, rather
than an estimation — but it also considers the indirect material
costs (Cvp), the ancillary energy (Cga) and the environmental
burden (Cepy).

A number of studies have investigated environmental and sus-
tainability issues involving material removal processes whereas, in
contrast, in the case of sheet forming processes, such issues have
been addressed in only a few studies (Ingarao et al, 2011).
Anghinelli et al. (2011) carried out a functional disaggregation of
the SPIF process in phases in order to quantify the inputs and
outputs of raw materials, energy and lubricants, from which they
calculated the CO, emissions. Ingarao et al. (2012) compared a
traditional forming process (stamping) with ISF from the point of
view of sustainability, more specifically considering waste material
and energy consumption. Recently, a series of experiments by
Ingarao et al. (2014) compared the SPIF process on metallic mate-
rials performed using a CNC milling machine, a robot and an Amino
machine. The power and energy consumption during the different
phases of the process was evaluated. They also proposed a model to
predict the energy consumption depending on the geometry and
the material in the SPIF process. However, this model cannot be
applied when a CNC milling machine is used because it is not
material-dependant.

The background in this field outlined by this review of the
literature on environmental issues and the authors' extensive
experience in ISF in recent years have led to the work developed in
this paper, which has three main objectives. The first is to analyze
the time share, power and energy consumption during the SPIF
process under different manufacturing conditions, which will be
used to discuss the influence of the spindle speed, the material and

the process time. The second aim is to obtain the most suitable
process parameters to achieve the best compromise between final
depth, surface roughness and energy consumption. The third and
final objective is to analyze the experiments from an economical
point of view and to propose an empirical equation for accurately
predicting the energy consumption of the machine used in the
present work.

2. Methodology

In order to achieve the goals of this study, several experimental
tests were carried out. This section will describe the methodology
that was followed and the experimental equipment in detail.

The geometry of the selected part was a pyramidal frustum with
circular generatrix, which means there is a variable wall angle at
each depth increment. The length of the edges of the pyramid was
105 mm, the initial wall angle was 45° and the generatrix radius
was set to 80 mm. The ISF tests were carried out on a Kondia®
HS1000 3-axis milling machine equipped with Fidia® numerical
control. A table-type dynamometer Kistler® 9257B was mounted
on the machine worktable in order to measure the forming forces
that occur during the process. The force data was acquired using a
DagBoard® 505 data acquisition card and the DaqView® 9.0.0
software.

A fixture system composed of a bottom plate, four supports, a
clamping plate and a top plate was bolted onto the force mea-
surement system. The blank sheet was placed between the
clamping plate and the top plate, without any backing plate, as
shown in Fig. 1. The dimensions of the blank were 150 x 150 mm
and the effective working area was 120 x 120 mm. In order to
reduce friction, liquid lubricant for cold forming was applied over
the upper surface of the blanks.

The tool path was defined, taking the bidirectional countering
into consideration in order to avoid torsion of the part. A Python
subroutine generated the bidirectional contouring tool trajectory
and translated it into CNC format for the physical process.

In order to analyze the energy consumption during the SPIF
process it was necessary to register the intensity of the machine,
using the following equipment: (i) a 25/5 A current transformer in
order to reduce the ampere rating at the input range of the voltage
transformer; (ii) an AmperFlex 67.374 voltage transformer which
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Fig. 1. a) Experimental setup used on a 3 axis CNC milling machine. b) Design of the pyramidal frusta with a circular generatrix.

Fig. 2. Summary of the experimental tests for the energy study.

transformed the AC intensity signal to DC voltage signal from 0 to influenced by the material used, the total process time and the
10 V; this signal was sent to (iii) the data acquisition card and finally spindle speed, a number of tests were carried out:
(iv) the signal was processed and converted once again into in-

tensity values at a frequency of 20 Hz using the Labview software. e Material influence: five tests were carried out with the
following setup: 2000 rpm spindle speed, step down of 0.5 mm
2.1. Preliminary tests and feed rate of 3000 mm/min. One test without material, then
two with metallic materials (AA1050 and AISI304) and two with
The first step of the study was to analyse the time contribution polymer materials (PVC and PC).

for all stages of the process and the energy consumed in producing a e Process time influence: the process time depends mainly of the
single part. In order to identify how these two factors were step down value and feed rate, therefore, two tests were carried
Table 2
Design of experiments.

ID Step down (mm) Tool diameter (mm) Feed rate (mm/min) Spindle speed (rpm) Sheet thickness (mm)

1 0.2 6 3000 Free 1.5

2 0.2 6 1500 2000 1.5

3 0.5 10 3000 2000 2.0

4 0.2 6 1500 Free 2.0

5 0.5 10 1500 Free 2.0

6 0.5 6 3000 2000 15

7 0.5 6 1500 2000 2.0

8 0.5 6 1500 Free 1.5

9 0.5 10 1500 2000 15

10 0.2 6 3000 2000 2.0

11 0.2 10 1500 Free 1.5

12 0.2 10 1500 2000 2.0

13 0.5 6 3000 Free 2.0

14 0.2 10 3000 2000 15

15 0.2 10 3000 Free 2.0

16 0.5 10 3000 Free 1.5
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out: the shortest (step down of 0.5 mm and feed rate of
3000 mm/min) and the longest (step down of 0.2 mm and feed
rate of 1500 mm/min), both at spindle speeds of 2000 rpm using
a polymer material.

¢ Spindle speed influence: two tests were compared, one with
the spindle in the ‘free’ position (the tool rotates depending on
the friction upon contact with the blank), the other with a
spindle speed of 2000 rpm.

The preliminary tests are summarized in the graph in Fig. 2. The
results will be discussed in section 3.1.

2.2. Design of experiments

In the second step of the experimental work, tests with PVC
(polyvinylchloride) and PC (polycarbonate) were performed. Two
different thicknesses were available for each material, 1.5 and
2 mm. Both of these thermoplastic materials have an amorphous
structure with polar chlorine atoms in the molecular structure. The
glass transition temperature, Tg, of the two polymers are 82 °C and
155 °C, respectively. Thus, at room temperature PVC and PC are
below Tg and they can be considered glassy (with a linear elastic
response followed by yielding).

Therefore, the experiments focused on the following five pairs of
forming parameters based on experience from previous research
(Bagudanch et al., 2015): two step down settings (0.2 and 0.5 mm);
two tool diameters (6 and 10 mm), two feed rate settings (1500 and
3000 mm/min), two spindle speed settings (2000 rpm or free), and
finally two different sheet thicknesses (1.5 and 2.0 mm).

A 2°71 factorial design of experiments was defined in 16 runs.
Also, three replications for each experiment were considered so
that a total of 48 tests for each material were planned (Table 2).

During the recording of the experimental data, the following
readings were registered:

e Maximum forming force in the vertical direction (Fz max).
The estimation of forming forces in ISF is especially important in
the case of using machinery adapted for the process, such as
milling centres and robots. It has been demonstrated that the
predominant force in ISF is developed in the axial direction of
the tool (Jeswiet et al., 2005b) while this, in general, is not the
case in milling. As a consequence, an accurate estimation of the
maximum axial force developed during the forming process is
required in order to ensure the safe utilization of the hardware.
Another reason to study forming forces is their direct relation-
ship with the structural integrity of the work piece. The forming
forces were collected with a frequency of 10 values per second

Fig. 3. a) Example of power consumption profile. b) Time share for start up (turn on PC and initialize CNC), standby/ready for manufacture (four operations), manufacturing and

shut down.
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using the dynamometric table. Subsequently, its magnitudes
were filtered using Matlab® to obtain its maximum value.

o Maximum depth (Z,ax)- This value is used as an indicator of the
material formability under certain process conditions. The
maximum depth is obtained directly from the Computer Nu-
merical Control (CNC) of the machine. The reading of its value is
recorded at the moment that the failure of the sheet appears.

o Surface roughness (Ra). It is important to ensure that the final
part manufactured by ISF is able to meet the requirements
regarding the surface finishing. The measurements of the sur-
face roughness are obtained with a Mitutoyo Surftest SV-2000
profilometer using the following parameters: (i) measured
length: 8.8 mm; (ii) profile type: R; (iii) evaluation length:
0.8 mm; (iv) sampling length: 8.0 mm.

e Maximum temperature (Tmax). Due to the friction between
the tool and the blank there is an increase in temperature during
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Fig. 4. a) Material influence. b) Process time influence. c) Spindle speed influence.

the forming process. This temperature may cause variations on
the material properties, especially in polymer materials. The
temperature was acquired using a thermographic camera IRBIS
ImagelR® 3300.

The results were analyzed with the aim of proposing a set of the
most suitable process parameters for achieving the best surface
roughness and the highest final depth while consuming the mini-
mum amount of energy (Section 3.2).

3. Results and discussion
3.1. Time share, power and energy consumption

In order to identify the different operational modes involved in
the SPIF manufacturing process, several tests were performed. In a
previous work by the authors (Bagudanch et al., 2015), spindle
speed was shown to have a significant influence on the forming
force and formability. Therefore, to determine whether spindle
speed also influenced energy and/or environmental parameters,
two tests were performed without any material, from initial stage
(machine start-up) to final stage (machine shut-down). During this
process the power intensity was acquired, as described in the
previous section, and the time contribution of each stage was also
analyzed. The tests were carried out using a step down of 0.5 mm, a
feed rate of 3000 mm/min and two spindle speeds (free and
2000 rpm).

As can be seen from Fig. 3a, four stages of power consumption
can be differentiated, some of which may involve several opera-
tions. The four are similar to those found in Ingarao et al. (2014).
The first stage is the start up, i.e., when the electricity is supplied to
the milling machine. This stage involves two operations: turn on the
computer and initialize the CNC.

The second stage is the standby/ready for manufacture. During
this stage the engines and the pneumatic circuit are activated,
which is clearly identifiable as it produces a sharp rise in power
consumption. Then, the machine zero point is set. After that, the
machine operator has to determine and set the part zero point. The
duration of this operation may be different in each case according
to the operator's experience and ability. Finally, the CNC program is
loaded and prepared for running. During this operation, an increase
in power can be distinguished due to the fact that the spindle must
be turned on. There is also another increase in power consumption
early in the standby/ready for manufacture stage because the ma-
chine cooling system is turned on. The moment in which the ma-
chine cooling system is turned on or shut down cannot be
controlled and can occur at any time during the process.

The third stage is the part's manufacture. This is the most time-
consuming stage, as can be seen in Fig. 3b, and power remains
nearly constant throughout. However, several peaks can be
observed. They appear due to the bidirectional countering, in which
the tool rotation changes in each loop according to the clockwise or
counter-clockwise movement. The bidirectional countering is per-
formed in order to avoid the torsion of the part.

The final stage of the SPIF process is the shut down. In the first
part of this stage the CNC program is finished and the machine is
ready to continue with the part's manufacture if needed. If not, the
engines and the pneumatic circuit are disabled and the machine is
completely shut down.

Fig. 4 compares the SPIF process power profiles under the
different process parameters defined in Section 2.1. Fig. 4a shows
the power profile during the same test run with no material, with
metallic materials and polymer materials. There was, in fact, no in-
fluence of material used on power consumption because the same
level of power is required each time, a fact also demonstrated in
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Table 3
DOE mean results for PC and PVC.
ID PC PVC
tr (s) E (k]) T (°C) Fz max (N) Z max (mm) Ra (um) te (s) E (kJ) T (°C) Fz max (N) Z max (mm) Ra (um)

1 1162 3526.30 47.67 311.48 26.93 0.073 1444 4048.76 45.49 288.27 36.00 0377
2 2776 11396.63 84.87 397.55 31.07 0.193 3222 13684.58 76.06 323.79 35.41 0.359
3 623 2302.82 85.29 444.40 31.17 1.195 829 3202.95 85.29 459.96 42.63 0.794
4 2066 5617.42 46.49 421.56 27.00 0.067 2327 6768.07 42.39 410.94 36.79 0.321
5 1048 3135.01 51.83 738.21 37.17 0.175 1000 2985.50 47.38 547.82 40.11 0.359
6 752 3091.46 81.05 400.26 35.50 0.135 803 3372.47 78.12 248.50 39.02 0.443
7 1212 5061.49 85.13 400.99 36.33 0.839 1290 5140.87 79.54 367.96 40.63 1.374
8 916 2430.27 45.80 409.03 31.83 0.107 958 2752.60 40.58 313.86 35.24 0.422
9 1013 4052.28 85.33 350.71 30.17 0.721 1327 5478.86 85.41 317.29 39.97 1.611
10 1740 7214.96 84.80 384.58 31.53 0.135 2100 8794.79 75.79 379.48 41.89 1.002
11 2412 7037.84 48.92 474.93 30.80 0.136 2413 6689.61 41.04 395.79 34.17 0352
12 2208 9325.57 85.30 413.05 28.33 0.865 2901 12046.27 85.29 368.55 40.54 0.493
13 554 1663.81 62.70 483.26 32.83 0.135 635 1784.16 56.61 383.51 41.87 0.889
14 1619 6709.17 84.78 341.95 30.80 0.623 2105 8703.51 83.07 303.06 42.35 0374
15 1343 3942.54 57.08 537.85 32.57 0.156 1565 4232.19 51.18 480.12 39.19 0.388
16 587 1762.92 68.15 545.46 36.33 0.222 628 1856.29 53.67 342.03 42.75 0.408

Ingarao et al. (2014). To make the graph clearer, therefore, the test
results of only one metallic (AISI304) and one polymeric (PC) ma-
terial are shown. Fig. 4b compares the power profiles of the shortest
test setup (feed rate of 3000 mm/min and step down of 0.5 mm)
and the longest (feed rate of 1500 mm/min and step down of
0.2 mm). The level of power reached in each case is the same;
however, the significantly increased process time obviously leads to
an important increase in the energy consumption. The same trend
was observed by Ingarao et al. (2014) and they demonstrated that
the energy consumption varied linearly with these variables.
Finally, to determine the influence of the spindle speed on power
consumption, two tests were carried out at free and 2000 rpm
settings, in each case without material. The main difference is
observed during the manufacturing stage (Fig. 4c). When the
spindle speed is set to free, there is a notable reduction in power
consumption and, therefore, in the energy required to obtain the
part. In order to analyze this variation in power consumption with
respect to spindle speed, an additional test at 1000 rpm was per-
formed. Then, the mean intensity during the manufacturing stage
was obtained in each case (5.07 A for free spindle speed, 6.26 A for
1000 rpm and 7.05 A for 2000 rpm). These values have been
adjusted using a linear regression which obtained a R* value of
0.9866, demonstrating that the spindle speed has a linear influence
on energy consumption.

3.2. Selection of the best process parameters

This section gives the test results of the design of experiments
(DOE) (Table 3), that takes into consideration the total time (tf),
total energy consumption (E), the maximum temperature achieved
during the forming process (T), the maximum forming force in the
axial direction (Fz max), the maximum depth of the part (Z max)
and the surface roughness (Ra). The results have been statistically
analyzed using ANOVA in order to determine and then discuss the
most influential process parameters for each response. The factors

Table 4
Identification of the best and worst case scenario for the analyzed responses.

Response Best case (100%) Worst case (0%)
Energy Minimum Maximum
Temperature Maximum Minimum
Force Minimum Maximum
Final depth Maximum Minimum
Surface roughness Minimum Maximum

that have a significant effect on the analyzed responses are those
with a P-value less than 0.05 and will be discussed in the following
paragraphs. Finally, the best process parameters will be selected,
maximizing the properties of the final part (achieved depth and
surface roughness) and minimizing the energy requirements.

As mentioned previously, in Section 3.1, when using an adapted
milling machine to perform the SPIF process, power consumption is
not influenced by the behaviour of the material. The energy results
for both polymer materials, PC and PVC, presented in Table 3, have
practically identical orders of magnitude. The slight differences
than can be found are mainly due to the fact that, in general, PC
parts break before PVC parts under the same process parameters,
therefore, the process time and energy consumption are lower.

Two of the analyzed process parameters (tool diameter and
sheet thickness) do not have any influence on the energy con-
sumption required to produce the part while the variation among
the remaining ones is significant. More specifically, with the in-
crease of the feed rate and step down there is a decrease in energy
requirements due to a reduction in the process time, while an in-
crease in spindle speed involves an increase in energy consumption
as was previously quantified. Taking into account these results, it is
possible to conclude that the best case scenario in terms of reducing
the energy consumption would be to use the free spindle speed
along with the highest step down and highest feed rate.

By analyzing the maximum temperature achieved during the
forming process of the SPIF parts for both thermoplastic materials
(Table 3), it can be seen that there is only one process parameter
that has a significant influence on the temperature variation, and
that is the spindle speed. The friction between the tool and the
blank during the forming operation generates heat and therefore
increases the temperature. This phenomenon was first observed by
Bagudanch et al. (2015), who demonstrated that even a slight
variation in temperature during the SPIF process could drastically
change the thermoplastic material properties, forming forces,
maximum depth and surface roughness.

In certain specific cases, it was observed that some tests ach-
ieved temperatures higher than the glass transition temperature.
When this temperature is reached, the polymer exhibits a more
rubbery behaviour and it is possible to observe some imperfections
on the surface. However, for higher temperatures, the forming force
decreases which could be an advantage when using an adapted
milling machine in order to guarantee safe operation conditions
and to prevent damage to the machinery. Furthermore, formability
at higher temperatures is increased and it is easier to achieve the
desired depth. Therefore, the best scenario would be to obtain a
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specific increase in temperature to achieve a decrease in the
forming force and an increase in formability while at the same time
ensuring that the glass transition temperature of the polymer is not
exceeded.

The effect of the process parameters on the forming force for
PVC was discussed in depth in a previous work by the authors
(Bagudanch et al., 2015). The main conclusions of that study were
that the tool diameter, sheet thickness and spindle speed were the
most influential parameters. In the present paper, the same trend
has been observed for the other thermoplastic material, PC. For the
purpose of providing guidelines or best process parameters, it
should be noted that the forming force should always be lower than
the maximum allowed by the machinery, but there are no other
limitations of the force value.

= Minimum energy
(ID.13)

== Maximum energy
(ID.2)

roughness

Energy =2 Force  em=Minimum surface
roughness (ID.4)
==Maximum surface
roughness (ID.3)
Surface
Temperature roughness
b)
Final depth
100%
Energy Force  ===Maximum final depth
NFr<1> (ID.5)
N = Minim final depth
/N (ID-1)
/N
Surface
Temperature roughness
c)

Fig. 5. Analysis of the extreme scenarios for PC: a) Energy. b) Surface roughness. c)
Final depth.

In order to give a global analysis of the best process parameters,
the following methodology was chosen: first, the best and the
worst case scenario for each response was identified in line with
the previous discussion and summarized in Table 4; next, the re-
sults for each material were weighted from 0 to 100% according to
these criteria; finally, they were represented graphically on web
charts, because these charts allow the five responses to be moni-
tored and evaluated simultaneously (Figs. 5 and 6).

Fig. 5 represents graphically the best and worst case scenarios
with the PC polymer for three parameters: energy consumed, final
depth and surface roughness (with best case being as close to 100%
as possible). With regard to temperature and forming force, it is not
crucial to obtain 100% best case as it is only important that they do
not exceed the glass transition temperature and the maximum
force allowed for the experimental equipment. In case of temper-
atures coming close to the glass transition temperature (for
example in the case of PVC tests 3,9, 12 and 14 in the present work)

Final depth
100%

Force ——Minimum energy
(ID.13)
===Maximum energy
(ID.2)
Temperature Surface
roughness
a)

= Minimum surface
roughness (ID.4)

==Maximum surface
roughness (ID.9)

roughness

= Maximum final depth
(ID.16)

=== Minimum final depth
(ID.11)

\\\ Force

2
-\‘ Surface

roughness
c)

Fig. 6. Analysis of the extreme scenarios for PVC: a) Energy. b) Surface roughness. c)
Final depth.
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Final depth the temperature of reference will be Tg while in the other cases, the
00% temperature of reference will be at the maximum level.
In the best energy scenario (Fig. 5a), the surface roughness is
very high (nearly 100%), but the final depth is only around 60%. In
Force the best surface roughness scenario (Fig. 5b), the energy is far from
ideal (40%) and the final depth is the worst one of the three,
therefore, this set up would obviously not be included in the list of
suitable combinations of process parameters. Finally, in the best
final depth scenario (Fig. 5¢), energy consumption is close to ideal
Surface at around 85% and surface roughness reaches 90%; this means that
roughness with the parameters of test number 5, it is possible to obtain the
best compromise among the desired responses.
Similarly, the results for PVC are presented in Fig. 6. In the best

= Experiment 5 PC
- Experiment 16 PVC

2 energy scenario (100% best case = minimum energy consumption),

shown in Fig. 6a, around 90% of final depth can be achieved,

Final depth however, surface roughness is relatively low (60%). In the best

00% 4 surface roughness scenario, Fig. 6b, the energy and final depth

[\ reach only 30% of their best case values. The best compromise is

/ \ obtained with the set up in test 16, Fig. 6¢, where all three pa-
' %\\ Force rameters are close to 100% best case.

\\;”A‘> ' ——Experiment 5 PC Accordingly, the best results will be obtained using very similar

"1‘(‘ ——Experiment 16 PC process parameters: step down of 0.5 mm, free spindle speed, tool

\‘\‘ diameter of 10 mm and a feed rate of 1500 mm/min for PC

/= \ (Experiment 5) and 3000 mm/min for PVC (Experiment 16). Fig. 7a

Temperature Surface shows the comparison of the results obtained in these two cases.

roughness In order to identify whether it is possible to improve the pro-

ductivity by increasing the feed rate and therefore decrease the

b) energy consumption due to a lower process time, Fig. 7b shows the

comparison of the results of test 5 (1500 mm/min) and 16
Fig. 7. a) Comparison of the best tests for PC and PVC. b) Comparison of tests 5 and 16 (3000 mm/min) for PC. In test 16. the final depth and surface
in PC. . ’ ’ .
n roughness are slightly worse compared with those of test 5, but the

Table 5
Parameters used to calculate the cost of each part.
Parameter Value Observations
tr (s) Defined in Table 3 for each experiment Time needed to produce each part
Kr (€/h) 70 This value considers the investment cost of the machine, the useful life and
indirect costs such as rent of the building, taxes, etc.
Np (u) 96 The total number of parts produced, 48 tests for PVC and 48 for PC.
ts (s) 2500 Time needed for fixing the framework and turning on the machine.
t (s) 300 Time required for loading/unloading the workpiece
T (h) 10000 In the present paper the time required to change the tool is not considered
K¢ (€/u) 65 because, for a single part, only one tool is required.
Kwm (€/u) 2.60 for 1.5 mm PVC In Branker's cost model (Branker, 2011) Ky is given as $/kg, therefore, in order
2.75 for 2 mm PVC to obtain Cyp this value is multiplied by the amount of material used in kg (MD).
3.50 for 1.5 mm PC In the present case, the material cost is given in €/sheet, thus, Ky; = Cyp.
4.00 for 2 mm PC
Kior (€/L) 15 To calculate the indirect material costs, the quantity of machine lubricant used
LO¢ (mL) 30 has been ignored because the lubricant use rate is close to zero, therefore,

the contribution on the total cost will be negligible.
Kg (€/kWh) 0.18
E (kJ) Defined in Table 3 for each experiment In the present paper, the measurements of energy consumed include the direct
energy (from the electricity used in the forming process) and the ancillary energy
(associated with peripheral equipment such as cooling of the machine,
CNC computer, etc.).
Eco, (kg CO;)  Calculated using E (kJ) defined in Table 3 and the value
obtained using the CES equation, 10.89 kg CO,/G]J. The parameters
of the CES equation are specified in the present section.
LOfco, (kg CO2) 0.09885 The emission intensity of the forming lubricant has been determined
as 3.295 kg CO,/L (Branker, 2011).
The contribution of the CO, emissions of the machine lubricant was ignored.
TLco, (kg COz) 0.2575 for 6 mm tool diameter The emission intensity of the forming tool has been determined
0.3292 for 10 mm tool diameter as 6.4 kg CO/kg (Branker, 2011).
The weight of the 6 mm diameter tool is 40.24 g and the weight of the
10 mm diameter tool is 51.44 g.

MLco, (kg CO2) 0.394 for 1.5 mm PVC In order to produce PVC 65.86 MJ/kg PVC are required, and the carbon emissions
0.525 for 2 mm PVC are 2.5 kg CO,/kg PVC (Plastics Europe: Polyviny, 2006).
0.558 for 1.5 mm PC In the case of PC, the energy needed for producing this material is estimated
0.743 for 2 mm PC as 104.6 M]J/kg PC, the carbon emissions are 4.13 kg CO,/kg PC

(Plastics Europe: Polycarb, 2011).
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Table 6
Total cost of the parts produced using ISF in PC and PVC.

Table 7
Mean consumption intensity during the entire experimental campaign.

D Cise (€) for PC Cisr (€) for PVC
1 33.10 37.70
2 64.90 72.79
3 23.06 25.85
4 51.29 55.17
5 31.36 20.17
6 25.10 2520
7 34.65 3492
8 28.25 28.18
9 3023 35.50
10 45.03 50.86
11 57.59 56.69
12 5425 66.61
13 21.68 22.01
14 4215 50.80
15 37.14 4022
16 21.82 21.72

energy consumption is improved. Therefore, the parameters of test
16 can be considered as the best combination for both materials.

3.3. Economic cost

This section gives details of the economic cost of the ISF process
for obtaining the parts with the different process parameters pro-
posed in the paper. In order to calculate the costs, the methodology
proposed by Branker (2011) described in the introduction section
(Table 1) will be followed. A few assumptions and modifications
have been made which are summarized in Table 5. With the cost
calculation, it will be possible to determine whether the best pro-
cess parameters identified in the previous section can be used to
obtain the cheapest part or not.

In the current context, where it is increasingly important to
protect the environment, the CES (Carbon Emission Signature) in-
dicator has emerged as a way of accounting for carbon emissions in
systems that use electric power grids (Jeswiet and Kara, 2008). The
equation for the CES calculation is as follows:

CES = (1/m)(112C + 49N + 66P) (1)

Where 1 is an efficiency coefficient, which is different for each
country; (1/n) is usually between 0.25 and 0.35; for Spain, it is 0.34
(Anghinelli et al., 2011). C, N and P, are, respectively, the percent-
ages of coal, oil and natural gas used to produce energy in a
particular country or by a supplying electricity company.

CO, emissions due to electrical consumption depend on the
supplier (ENDESA ENERGIA, S.A,, in the present case). The energy
mix which the supplier provides to their customers was deter-
mined. With these values (18.0% C, 2.9% N and 20.3% P) and Equa-
tion (1), the CES value of the shop floor energy consumption was
estimated at 102.88 kg CO,/GJ. This value will be applied to energy
consumption in order to calculate CO, emissions due to electrical
consumption.

Free spindle 2000 rpm spindle
speed speed
Machine cooling system turn on 5.05A 7.07 A
(65% of time)
Machine cooling system shut down 439 A 6.37 A

(35% of time)

By applying the equations proposed by Branker (2011) using the
terms specified in Table 5, it is possible to determine the cost of
each test setup performed in the present work. The results are
presented in Table 6. In the previous section, it was found that the
most suitable part was obtained using the process parameters of
Experiment 16. Table 6 shows that this combination of parameters
provides the cheapest part in the case of using the PVC material
(21.72 €). For the PC material, the cost of producing the part using
the parameters in Experiment 16 is 21.82 €, while with Experiment
13, the cost is slightly cheaper at 21.68 €. However, the part ob-
tained in Experiment 13 is considered inadequate because the final
depth was far from ideal. Therefore, it can be concluded that the
parameters used in Experiment 16 will produce the cheapest parts
with the best final results in terms of energy consumed, final depth
and surface roughness.

Fig. 8 shows the contribution of each item in the Branker cost
model to the total cost of the ISF process for two extreme cases: the
most expensive experiment (Fig. 8a) and the cheapest experiment
(Fig. 8b). As can be seen, the forming cost (Cs) is the biggest cost
contribution, ranging from 52.3% to 83.2%. This illustrates an
important difference between ISF and other traditional sheet
forming processes, such as deep drawing, where the biggest cost
contribution is due to the tooling and experimental equipment
required for the process. In ISF, the Ct cost basically depends on the
forming time, which can be controlled by two process parameters:
feed rate and depth step. Therefore, slight variations of these pa-
rameters have a significant influence on the overall cost.

Using the aforementioned methodology, the economic cost of
the ISF process can only be calculated after the part is produced in
order to obtain the real energy consumption. However, it would be
better to be able to estimate the cost before the part's production in
order to determine whether it is profitable or not in economic
terms.

Hence, during the campaign of experiments, the time consumed
by each manufacturing stage was recorded. Furthermore, the in-
tensity peaks were all analyzed and assigned to a certain machine
subunit or a certain manufacturing stage. During this detailed
evaluation, it was possible to quantify that the machine cooling
system was turned on, on average, 65% of time while the remaining
35% of time it was shut down. The mean consumption intensity of
the machine, considering the values registered during the whole
experimental work, is presented in Table 7.

Fig. 8. Contribution of the Branker cost model items to total cost for: a) the most expensive experiment and b) the cheapest experiment.
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Table 8
Energy consumption measured during the experimental campaign and calculated
using Equation (2) (below).

ID PC PVC
Eexp (KJ) Eeq (KJ) Error (%)  Eexp (K]) Eeq (KJ) Error (%)

1 3526.30 3317.05 593 4048.76 4122.04 1.81
2 11396.63 11211.15 -1.63 13684.58 1301237 —-4.91
3 2302.82 2516.05 9.26 3202.95 3348.00 4,53
4 5617.42 5897.60 4.99 6768.07 6642.65 —1.85
5 3135.01 2991.62 457 2985.50 2854.60 —4.38
6 3091.46 3037.03 -1.76 337247 3243.00 -3.834
7 5061.49 4894.78 -3.29 5140.87 5209.79 1.34
8 2430.27 2614.81 7.59 2752.60 273471  -0.65
9 4052.28 4091.10 0.96 5478.86 5359.22 -2.18
10 7214.96 7027.16  —-2.60 8794.79 8481.06 —3.57
11 7037.84 688530 -2.17 6689.61 6888.15 2.97
12 9325.57 8917.23 438 12046.27 1171598 -2.74
13 1663.81 158145 —-4.95 1784.16 1812.67 1.60
14 6709.17 653849 254 8703.51 8501.25 232
15 3942.54 3833.73 -2.76 4232.19 4467.45 5.56
16 1762.92 1675.65 —4.95 1856.29 179269 -343

With the information in Table 7, it is possible to obtain a general
equation (Equation (2)) for calculating the energy consumption (E,
in ]), specifically for the Kondia HS1000 milling machine used in the
present work, in which S is the spindle speed in rpm (0 or 2000 rpm
in this case) and t is the forming time in seconds, which can be
easily obtained from the CNC code using, for example, CAM soft-
ware. Table 8 compares the energy experimentally measured (Eeyp)
with the energy calculated using Equation (2) (Eeq) for both ma-
terials and shows that the error in the calculated value is always
less than 10% (with a mean error of 3.5%), thus demonstrating the
reasonable degree of reliability of the equation.

E =(2854.6 +0.592-5)-t (2)

3.4. General process guidelines

In this section, the results presented throughout the paper are
summarized in order to provide a general view of the relationship
between the process parameters and the output variables. This
information can be used as general process guidelines in the case of
forming polymers by SPIF.

Table 9 qualitatively presents the overall influence of the SPIF
process parameters on the process outputs: environmental costs
(energy), running processes (temperature and maximum forming
force), part quality (maximum depth and surface roughness) and
economic costs, by identifying whether they are directly

Table 9
Relationship between the process parameters and the process outputs.

Step down Tool Feed rate Spindle Sheet
diameter speed thickness
Energy ﬂﬂ ] ﬂﬂ m —
Temperature = [ = m =
Maf)(c)irrzleum forming ﬂ ﬂﬂ =] ﬂﬂ ﬂﬂ
Maximum depth ﬂ ﬂ — m ﬂ
Surface roughness ﬂ = = m ﬂ
Cost ﬂﬂ — ﬂﬂ ﬂ ]

proportional (1), inversely proportional (|) or independent (—).
When the dependence between a process parameter and a process
output is strong, this is indicated using two arrows, for example,
increased spindle speed strongly increases energy consumption
(1)

4. Conclusions

In this paper, the energy consumption during the SPIF process
has been analyzed from several perspectives. The first part of the
work focused on the identification of the stages and operations
needed during the manufacturing process and on evaluating the
power consumption profile and the time share of each one of these
stages under different process conditions. The results demon-
strated that an increase in the step down and the feed rate lead to a
decrease in energy consumption, a result also found in the work of
Ingarao et al. (2014). Additionally, a decrease in the spindle speed
was found to cause a decrease in energy consumption.

In the second part of the work, an experimental campaign for
two polymer materials (PC and PVC) was planned and carried out.
The results regarding the energy consumption, maximum tem-
perature, maximum axial forming force, maximum depth and
surface roughness were discussed. A methodology to determine a
set of the most suitable process parameters in order to obtain the
most satisfactory final part (in terms of energy consumption, final
depth and surface roughness) was proposed. According to this
methodology, the most suitable process parameters are: a step
down of 0.5 mm, 10 mm tool diameter, a feed rate of 3000 mm/min
and a free spindle speed (Experiment 16).

Then, the economic cost for each experiment was calculated
following the cost estimation model proposed by Branker (2011). It
was demonstrated that by using the parameters of Experiment 16,
it is possible to obtain not only the best final part but also the
cheapest. Finally, an empirical equation to accurately predict the
energy consumption in the Kondia HS1000 3-axis milling machine
was derived with the aim of simplifying the economic evaluation of
the ISF process.
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Chapter 5. Polymer incremental sheet
forming process: temperature analysis using
response surface methodology

Chapter 5 studies deeply the effect of the main process parameters (tool diameter, spindle
speed, feed rate and step down) on the maximum forming temperature for three non-
biocompatible polymers (PVC, PC and PP -polypropylene-) and two biocompatible
polymers (UHMWPE -ultra-hich molecular weight polyethylene- and PCL

polycaprolactone-).

This study was presented in an article entitled “Polymer incremental sheet forming process:
temperature analysis using response surface methodology”, published in Materials and

Manufacturing Processes (Bagudanch et al., 2017a).
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Abstract

To reduce costs associated with the manufacturing of customized products, several innovative
forming processes have been developed. Incremental sheet forming (ISF) is one of these new
technologies, becoming, in the past decade, more interesting for the academic and industrial
community. The influence of main process parameters, namely, tool diameter, spindle speed, feed
rate, and step down, is studied in depth in this paper. The maximum temperature achieved during
the forming process of a truncated pyramid frustum with a circular generatrix using three
nonbiocompatible and two biocompatible polymer materials is measured. Box—Behnken design of
experiments and the response surface methodology have been utilized to statistically analyze the
results and to provide models able to predict the maximum temperatures.
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Chapter 6. Revisiting formability and failure
of polymeric sheets deformed by single point
Incremental forming

Chapter 6 aims to evaluate the overall formability of a series of polymeric sheets in the SPIF
process, including non-biocompatible and biocompatible materials, considering a variety of
process parameters including spindle speed, which has been revealed as the most relevant in

polymers deformed by Incremental Sheet Forming (ISF).

This study was presented in an article entitled “Revisiting formability and failure of polymeric
sheets deformed by single point incremental forming”, published in Polymer Degradation and
Stability (Bagudanch et al., 2017a).
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ABSTRACT

Single Point Incremental Forming (SPIF) has been intensively investigated in the last two decades. It is a
versatile and economical manufacturing technology that is especially viable for small and medium-sized
batches, with a great potential for manufacturing highly customized parts. One of the most important
advantages of this technology is the greater formability it can attain compared to conventional sheet
forming processes. The aim of this paper is to evaluate the overall formability of a series of polymeric
sheets deformed by SPIF process, including biocompatible and non-biocompatible materials, while
considering a variety of process parameters including spindle speed which, in previous studies on
polymers formed by Incremental Sheet Forming (ISF), has been shown to be the most influential process
parameter. The results show that variations in spindle speed caused a variation in the forming tem-
perature and the material forming limits. For a better understanding of the deformation mechanism and
the failure process of polymers during SPIF, a fractographic analysis using optical microscopy was carried
out, as well as a Differential Scanning Calorimetry (DSC) analysis to determine the glass transition and

melting temperatures and the degree of crystallinity of the polymers.

© 2017 Published by Elsevier Ltd.

1. Introduction

Incremental Sheet Forming (ISF) has been recognized as a pro-
cess that has the potential to change radically the production sys-
tem involved in manufacturing prototypes, small batches or
customized sheet products. The evolution of ISF and the different
varieties, applications and advantages, as well as the process pa-
rameters affecting it have been comprehensively described in a
series of review and state-of-the-art research papers [1—4]. Addi-
tionally, ISF has been shown to be a more environmentally friendly
process compared to conventional technologies [5]. As a result,
during the past few decades, ISF has attracted the attention of
numerous research groups trying to overcome the various prob-
lems that limit the more widespread use of the technology as a
manufacturing process.

Formability is a measure of the degree to which a certain ma-
terial can undergo plastic deformation before failure occurs. With
the aim of evaluating formability in ISF, several researchers have

* Corresponding author. C/Maria Aurelia Capmany, 61 (Edifici P2 Campus Mon-
tilivi), 17003 Girona, Spain.
E-mail address: mluisa.gromeu@udg.edu (M.L. Garcia-Romeu).

http://dx.doi.org/10.1016/j.polymdegradstab.2017.08.021
0141-3910/© 2017 Published by Elsevier Ltd.

used the maximum achievable wall angle as an indicator of the
material forming limits [6,7]. However, the pioneering work of Silva
et al. [8] demonstrated that, in order to determine formability in
Single Point Incremental Forming (SPIF), it is preferable to carry out
a principal strain analysis within Forming Limit Diagrams or FLDs.
This consists of locating graphically the principal strain states of
different points on the outer surface of the manufactured sheet part
in a Cartesian plane bounded by the major versus minor principal
strains axes. Such representations have been more recently depic-
ted in combination with curves indicating the principal failure
strains caused by necking or fracture of the sheet material,
including those corresponding to mode I and II fractures described
in fracture mechanics [9].

As a consequence, formability in ISF (as with conventional sheet
metal forming) is commonly analyzed nowadays within FLDs [10]
for most applications in which failure involves mode I fractures
(in-plane tension). An FLD diagram needs to show the limit strains
characterized by the combinations of strains (i) at the onset of local
necking, i.e., the FLD at necking or the Forming Limit Curve (FLC),
and (ii) at the beginning of ductile fracture, i.e., the FLD at fracture
or the Fracture Forming Line (FFL). On the contrary to the failure
controlled by necking that usually takes place in conventional sheet
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metal forming processes, metal sheets deformed by ISF within a
certain range of process parameters suffer a stable straining above
the FLC that seems to lead directly to ductile fracture [11]. The
stabilization mechanisms that can delay or even suppress necking,
providing the formability enhancement usually observed in ISF, are
comprehensively discussed in the paper by Emmens and van den
Boogaard [12]. Besides, recent studies [13—15] have demonstrated
that failure strains in ISF are within a scatter band of the FFL in a
certain range of process parameters avoiding the onset of necking.
In this sense, the effect of the localized bending induced by the
forming tool, via the tp/R ratio, in the stabilization of plastic
deformation above the FLC during ISF has been also studied by the
authors of this article [11] for stainless steel sheets. It was observed
that for high tool diameters, the failure mode was due to necking
followed by ductile fracture. However for the lowest tool diameters
considered, failure occurred by fracture in the absence of necking.

In this scientific context, the simplest ISF technology is the va-
riety known as axisymmetric Single-Point Incremental Forming or
SPIF. As shown in Fig. 1, the SPIF process consists of a hemispherical
end-forming tool driven by a numerical control machine that
progressively follows a pre-established trajectory, deforming a
peripherally clamped sheet blank into a final component without
the use of any specific forming die.

As discussed above, ISF processes including SPIF have histori-
cally been applied mainly to metal sheets, either working at room
temperature or at elevated temperatures to increase formability
[16—18]. However, in the recent years, there has been increasing
interest in this process for forming polymeric materials. In this
context, SPIF applied to polymeric sheets is equally capable of
achieving the high levels of principal strain that it has been widely
shown to have in metals. In this regard, the pioneering work of
Martins et al. [19] was one of the first studies that evaluated the
formability of thermoplastic materials processed using SPIF. Frac-
ture Forming Limit Diagrams or FFLD's were employed to charac-
terize the materials considered, due to the absence of necking
previous to failure. A similar study was carried out by Marques et al.
[20], in which the experimental tests were performed using trun-
cated conical and pyramid geometries. For PC (polycarbonate) and
PVC (polyvinyl chloride), the strains at fracture corresponded to the
calculated FFL, whereas PET (polyethylene terephthalate) had even
higher levels of formability (no fracture was observed) and PA
(polyamide) had higher formability and failure was caused by
wrinkling rather than by fracture. It was also pointed out that
formability was increased with an increase in sheet thickness and a
decrease in tool radius. Later, hole-flanges in PET and PC sheets
were produced by multi-stage SPIF [21] in an analysis of formability
using FFLD's. It was concluded that two modes of deformation are
involved in incremental hole-flanging: (i) in-plane stretching under
plane strain conditions and (ii) in-plane stretching combined with

bending near the hole. PET had better formability than PC due to its
higher fracture toughness and a more effective rearrangement of
the plastic chains during plastic deformation.

The work by Bagudanch et al. [22] was the first to demonstrate
the effect that spindle speed had on SPIF when using a sheet of
polymer material (in this case, PVC). Their results showed that by
increasing the spindle speed it was possible to reduce the forming
force and to increase formability because of the heat generated by
the friction between tool and sheet. In a subsequent work [23], the
study was extended to five polymers and empirical equations to
predict the maximum temperature during the SPIF process were
provided. Davarpanah et al. [24] also confirmed that spindle speed
(or “tool rotation speed”) influences the forming force for PVC and
PLA (polylactic acid). Very recently, Davarpanah et al. [25] investi-
gated the effect of the step down and spindle speed on the me-
chanical properties, the degree of crystallinity and the chain
orientation of PVC and PA parts formed by SPIF, concluding that
SPIF induced a chain reorientation that causes an improvement in
ductility and toughness.

Regarding the potential of ISF for manufacturing polymeric
parts, Centeno et al. [26] proposed a complete methodology for the
design and manufacture of customized cranial prostheses made
from polymers using SPIF technology based on patients' CAT
(Computed Axial Tomography) scans, demonstrating the consid-
erable potential of SPIF for manufacturing highly-individualized
polymeric prostheses. On the other hand, Bagudanch et al. [27]
showed the capability of ISF for manufacturing customized cra-
nial implants using a biocompatible polymer, UHMWPE (ultra-high
molecular weight polyethylene). Two cranial implants were pro-
duced using SPIF and TPIF (Two-Point Incremental Forming) pro-
cesses, modifying the spindle speed as the most important process
parameter. Using 3D scanning, it was shown that with higher
spindle speeds and using TPIF, more accurate parts could be ob-
tained. Additionally, the total costs of producing a customized
cranial implant were calculated, from the design stage to its fabri-
cation using ISF, which took into consideration all the factors
involved (energy, raw material, processing time, etc.). It was shown
that implants made using TPIF would be an attractive approach for
repairing cranial defects at low costs as well as with low lead times.

In this paper, the overall formability of a series of polymeric
sheets undergoing the SPIF process is evaluated, including non-
biocompatible (PVC, PC and PP —polypropylene—) and also
biocompatible materials (PCL —polycaprolactone— and UHMWPE,
which have demonstrated their biocompatibility, as can be seen for
instance in Refs. [28] and [29] respectively) whose formability in
SPIF was never studied before, thus increasing current knowledge
on formability and failure regarding such materials with the aim of
identifying the feasibility of applying them, for example, to the
manufacturing of customized medical devices and prostheses. The

Fig. 1. Schematic representation of Single-Point Incremental Forming.
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results show that spindle speed causes a variation in the forming
temperature and the material forming limits, and this relationship
between temperature and formability is evaluated in detail for each
one of the polymeric materials considered. For a better under-
standing of the failure process in SPIF of polymers, a fractographic
study using microscopy was performed along with a DSC (Differ-
ential Scanning Calorimetry) analysis to determine the glass tran-
sition temperature and the degree of crystallinity of the polymers.
To sum up, this work demonstrates the potential -in terms of
formability-for manufacturing complex geometrical parts in poly-
meric sheets using SPIF. It has also been pointed out the importance
of evaluating the formability of polymers within a proper range of
process parameters in order to provide catalogues of material
formability and thus provide safe formability ranges of deformation
within their corresponding FFLDs.

2. Methodology
2.1. Material characterization

Tensile tests were carried out at testing speeds of 5, 50 and
500 mm/min on the selected polymer materials in an MTS Insight
universal testing machine with a 10 kN load cell. Three replications
of each test were performed until the specimen failed, following
the specifications of standard test ASTM D638-14. The tests were
performed at room temperature, 40 °C and 60 °C in order to analyze
the influence of the temperature variation on the behavior of the
polymer.

2.2. SPIF experimental tests

The process parameters values considered for the experimental
tests are summarized in Table 1. Box-Behnken designs (BBD) are
three-level design of experiments that allow second order response
surfaces to be fitted efficiently. In this case, the four-factor design
consists of 27 experimental runs (Table 2) that can be split into
three blocks with one center point at each. This experimental plan
was carried out for each of the five different materials analyzed in
the present work: polyvinylchloride (PVC), polycarbonate (PC),
polypropylene (PP), polycaprolactone (PCL) and ultra-high molec-
ular weight polyethylene (UHMWPE). The tests were performed on
2 mm thickness sheet blanks. Four of the tested materials were
commercially available in sheet form (PVC, PC, PP and UHMWPE).
The PCL sheets were produced by compression molding. Around
55 g of PCL pellets (Sigma Aldrich, = 3 mm, average Mn = 80,000)
were positioned into a stainless steel cast cavity of 150 x 150 x 2
mm? which was previously warmed to a set temperature between
60 and 80 °C inside a heating hydraulic press. A low load was
applied for a fixed time to guarantee the complete melting of the
material. Subsequently, the load was increased, thus keeping the
sheet in place for a few more minutes to complete the final
compaction of the fused polymer. Finally, the pressure was retired
and the cast cooled to room temperature by placing it in a cooling
press.

The ISF tests were carried out on a Kondia® HS1000 3-axis
milling machine equipped with Fidia® numerical control. A table-

Table 1
Values considered for the process parameters analysis.

Tool diameter di (mm)  Feed rate Step down  Spindle speed S (rpm)
F (mm/min) Az (mm)

6 1500 0.2 Free

10 2250 0.35 1000

14 3000 0.5 2000

Table 2
Box-Behnken design of experiments.

ID Tool diameter Feed rate Step down Spindle speed
d¢ (mm) F (mm/min) Az (mm) S (rpm)

1 6 2250 0.35 Free
2 14 2250 0.35 Free
3 6 2250 0.35 2000
4 14 2250 0.35 2000
5 10 1500 0.2 1000
6 10 3000 0.2 1000
7 10 1500 0.5 1000
8 10 3000 0.5 1000
9 10 2250 0.35 1000
10 6 2250 0.2 1000
11 14 2250 0.2 1000
12 6 2250 0.5 1000
13 14 2250 0.5 1000
14 10 1500 0.35 Free
15 10 1500 0.35 2000
16 10 3000 0.35 Free
17 10 3000 0.35 2000
18 10 2250 0.35 1000
19 6 1500 0.35 1000
20 14 1500 0.35 1000
21 6 3000 0.35 1000
22 14 3000 0.35 1000
23 10 2250 0.2 Free
24 10 2250 0.2 2000
25 10 2250 0.5 Free
26 10 2250 0.5 2000
27 10 2250 0.35 1000

type dynamometer Kistler® 9257B was mounted on the machine
worktable in order to measure the forming forces that occur during
the process. The force data was acquired using a DagBoard® 505
data acquisition card and the DaqView® 9.0.0 software. A fixture
system composed of a bottom plate, four supports, a clamping plate
and a top plate was bolted onto the force measurement system. The
blank sheet was placed between the clamping plate and the top
plate, without any backing plate, as shown in Fig. 2a. The di-
mensions of the blank were 150 x 150 mm? and the effective
working area was 120 x 120 mm?. In order to reduce friction, liquid
lubricant for cold forming (Houghton TD-52) was applied over the
upper surface of the blanks. A thermographic camera IRBIS Image
IR13300, was used to acquire the temperature variation in the
material during the forming operation, at a frequency of 1 image
per 10 s. The temperature distribution over the sheet during the
entire experimental tests was registered. This information was
processed in order to obtain the maximum reached temperature for
each test of the materials analyzed.

The selected geometry, a pyramidal frustum, had the following
specifications: initial wall angle: 45°, generatrix radius: 80 mm,
length of the pyramid edges: 105 mm and a final desired depth of
43 mm (Fig. 2b).

2.3. Methodology for strain analysis

The principal strain state of the finished part was evaluated via
circle grid analysis by using the 3D deformation digital measure-
ment system ARGUS®. Prior to the tests, the circle grid had to be
printed on the sheet blank by a serigraphy process. The analysis of
the tested sheets performed using ARGUS® provided the contour of
the principal strains on the outer surface of the finished part. As
expected, the zone with highest major strains was located at the
vicinity of the crack. The measurement system was able to capture
the deformation of ellipses both above and below it and, therefore,
able to interpolate the strains throughout the crack.

The first step of the procedure for constructing the FFL, applied
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Fig. 2. a) Experimental setup used on the 3 axis CNC machine. b) Design of the pyramidal frusta with a circular generatrix.

by the authors in previous research on metals [ 11] and based on the
work of Atkins [30], is to measure the thickness at fracture at
several places along the crack in order to obtain the average
thickness strain. This average thickness strain is then evaluated at
both sides of the crack for every tested specimen. In addition, some
tested specimens were cut and polished perpendicularly to the
crack and the thickness was measured from a profile view in order
to validate the fracture strains calculated from the thickness mea-
surements along the crack. The measurements were done with a
Stereomicroscope Nikon SMZ800 with x20 magnification and
analyzed using KAPPA Image Base Metreo 2.7.2. The average minor
strain was evaluated at certain locations on the outer sheet surface
close to the crack appearance. The major strain was then calculated
by volume constancy as follows:

Bl f= *<?2.f +?3f> (1)

where g, ; and &5 are, respectively, the average minor and thick-
ness strains evaluated in a series of points along the crack.

According to previous research work, spindle speed is the most
influential factor on the results concerning forming force,
maximum temperature, surface roughness and maximum achieved
depth [5,22,23]. Therefore, in order to determine the influence of
the spindle speed on formability, the present paper will focus on
the Tests 25 and 26 shown in Table 2, carried out for each consid-
ered material. In other words, the process parameters selected for
consideration in the formability analysis for each material shall be
those shown in Table 3 below.

2.4. Differential Scanning Calorimetry (DSC)

As previously shown in research by Davarpanah et al. [24], DSC
tests are useful for obtaining the transition temperatures of poly-
mers as well as their degree of crystallinity. Five samples for each
material were considered for the DSC measurements: two from the
biaxial strain zone and two from the plane strain zone (with spindle
speeds set at free and 2000 rpm in each case) and one from the
unformed material. Fig. 3 schematically illustrates the location of
the DSC samples.

The DSC measurements were performed using the TA In-
struments Q2000 model. The sample size was between 6 and
10 mg. The pan was aluminum. The samples of PVC, PC, PP and

Table 3
Selected process parameters for formability analysis.

Tool diameter Feed rate Step down Spindle speed
d¢ (mm) F (mm/min) Az (mm) S (rpm)
10 2250 0.5 Free

2000

Fig. 3. Identification of the DSC samples locations.

UHMWPE were heated from 25 to 200 °C with a 10°C/min tem-
perature ramp, while in the case of PCL, the maximum temperature
was 80 °C. The environment for measuring samples was purged
with highly pure nitrogen gas at a rate of 50 ml/min. For the
amorphous polymers the glass transition temperature (Tg) was
recorded whereas for the semicrystalline polymers the melting
temperature (Ty;) was recorded, as well as the melting enthalpy
(AHy,) which was used to calculate the degree of crystallinity (Xc)
using the following equation:

AHp

X. ="
© 7 AHY,

x 100 2)

where AHY, is the heat of fusion of 100% crystalline polymer.

3. Results and discussion
3.1. Material characterization

Table 4 summarizes the main mechanical properties obtained
for PVC, PC and PCL. As will be seen in the following section, in the
case of PP and UHMWEPE, the test geometry was successfully
formed without fracture and, consequently, from the point of view
of spifability (i.e., formability in SPIF) and failure strain analysis,
these materials are of little interest. Therefore, the results regarding
material characterization will be presented only for the ones that
are prone to fail. It was noticed that the material samples experi-
enced a linear elastic response followed by a yielding, softened
behavior.

Table 4
Mechanical properties of the polymeric sheets.
Material Young modulus Yield stress Yield point
E (MPa) sy (MPa) ey (%)
PVC 2696 55.52 3.20
PC 2344 64.32 5.87
PCL 375 15.20 12.20
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Fig. 4 illustrates the PVC material response when subjected to a
simple uniaxial load in the tensile tsts at different testing speeds
and temperatures. As can be seen from Fig. 4, these experimental
tests show that at higher testing speeds, the Young modulus (E) and
the yield stress (sy) are increased, whereas the strain values at the
yield point (ey) and at the material fracture are reduced, i.e. there is
lower formability of the material. Therefore, increasing the feed

rates during the manufacturing in SPIF would decrease sheet
formability. In order to explore the worst case scenario and to
evaluate the capability of this methodology, a feed rate of
2250 mm/min was set in all the SPIF tests described hereafter
(agreeing with Table 3). Furthermore, when the testing tempera-
ture is increased, the Young modulus and the yield stress value also
diminish. This strain-rate and temperature-dependent behavior is

Fig. 4. Stress strain curve for PVC: (a) under different testing speeds at room temperature; (b) at 50 mm/min at various temperatures and (c) at 500 mm/min at various

temperatures.
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very common for thermoplastic materials. Similar behavior in a
quantitative sense has been obtained for PC and PCL.

3.2. SPIF tests and failure strains

Table 5 summarizes the results of maximum achieved depth,
maximum angle and failure occurrence and mode of failure for the
different SPIF tests. As it was mentioned earlier, neither PP nor
UHMWPE failed during the SPIF tests and, therefore, they will not
be further analyzed in terms of spifability and failure strains.

As above exposed, the strain state of the tested polymeric sheets
was measured off-line on the finished part by using the 3D defor-
mation digital measurement system ARGUS® via circle grid anal-
ysis. This allows the principal strains on the outer surface to be
represented within the principal strain space. It depicts different
strain paths corresponding to meridional sections along the final
part labeled as Sp, S1 and S,. Section Sy is the closest to the equi-
biaxial strain state, S; corresponds to biaxial strain and S; co-
incides with plane strain (see final parts views in Fig. 5).

As can be seen in Fig. 5, the failure strains were analyzed in two
different places along the fracture line, corresponding to plane
strain and biaxial strain conditions. The fracture strains were
evaluated directly on the final specimens by microscope following
the previously mentioned procedure.

Fig. 5 presents the FFLD for PVC, PC and PCL with spindle speed
set at free and 2000 rpm. In general terms, it can be observed that
for the higher spindle speed, the forming limits of the material can
be increased. This behavior most notable in PC because both tests
failed by ductile fracture and the limit major strains under plane-
strain state were increased from 0.75 to 0.84 with a spindle
speed of 2000 rpm. This occurs because when increasing the
spindle speed, the friction between the tool and the sheet increases
and there is a rise in temperature during the forming process. It is
also notable that PVC is the material with the highest formability,
followed by PCL and PC. Table 6 summarizes the fracture strains or
the maximum strains obtained without fracture in the experiments
analyzed.

Notice that, in the case of PCL (Fig. 5e and f), the FFL is repre-
sented with a red dashed line. This differentiation was made
because the failure in PCL was due to the appearance of several
small cracks rather than a ductile fracture (more details of this sort
of failure are given in the next section). Therefore, the strains were
evaluated in the maximum thinning zone and at the precise places
where these small cracks appeared, not at the fracture zone. Thus,
the limit line cannot be considered as the common FFL.

3.3. Modes of failure

As already seen in Table 5, the SPIF tests on PP and UHMWPE
(tests 7 to 10) were completed successfully without failure and,
therefore, no formability analysis was carried out on these two

materials. In contrast, for PVC, PC and PCL (tests 1 to 6), fracture
occurred during 3 of the tests while in the other 3 cases there was
evidence of another sort of failure, i.e., twisting and/or the
appearance of small cracks. In this section, the different modes of
failure found in these materials are presented using the fractog-
raphies captured in the microscope in order to measure the thick-
ness reduction and to calculate the strains at failure, which, in turn,
were used to obtain the FFLs shown in the previous section.

As can be observed in Fig. 6, for PVC and PC with a spindle speed
set at free and for PC with a spindle speed of 2000 rpm (Fig. 6a, ¢
and d, respectively), the failure mode was ductile fracture without
previous necking in the plane strain and biaxial strain sections.
Furthermore, in the vicinity of the fracture, it can be observed an
indentation corresponding to the plastic deformation caused by the
tool radius. Fig. 6d shows the detail of the fracture in the plane
strain zone, where it is possible to observe the formation of a small
burr (indicated by the red arrow), caused by the increased tem-
perature. Fig. 6d also shows the three thickness measurements
carried out in order to obtain the average thickness strain, as it has
been explained in the procedure for the construction of the FFL
(Section 2.4). In the case of the PVC part manufactured at 2000 rpm
(Fig. 6b), the failure was the result of twisting without fracture due
to the rise in temperature during the forming operation which
caused an increase in formability.

PCL failed due to the appearance of small cracks in both tests, at
free and 2000 rpm spindle speeds. With free spindle speed set at
free, the small cracks are not located in the zone of maximum strain.
Instead, they appear below this zone, as highlighted in Fig. Ge,
which suggests that it is due to the degradation of the material. At a
spindle speed of 2000 rpm (Fig. 6f), these cracks do appear where
the maximum strain occurs. Therefore, the thickness at this point is
used to obtain the average thickness strains to represent the limit
line, which should not be considered as the FFL itself, as explained
in the previous section. It is worth mentioning that, in this case, an
increase in formability could not be found despite the rise in
temperature due to spindle speed.

3.4. Crystallinity and glass transition temperatures

Table 7 shows the maximum reached temperature during the
forming process (Tf) as well as the data provided by the DSC
thermograms, from which it was possible to obtain the glass
transition temperature (Tg), the melting temperature (Tj;) and de-
gree of crystallinity (X;) at different spindle speeds (free and
2000 rpm) and strain conditions (unformed (U), plane strain (P)
and biaxial strain (B)) for all the materials tested. Furthermore, the
maximum standard deviation of the measurements is included.

Some data was not available (n/a) because the degree of crys-
tallinity could not have been obtained for the amorphous polymers
(PVC and PC), since crystal morphology was not observed and only
T, was measured. As Table 7 shows, there is no evidence of a

Table 5
SPIF experimental results.
Test Materials Spindle speed S (rpm) Maximum depth (mm) Maximum angle (°) Failure?
1 pPVC Free 425 89.5 YES
2 2000 43 0 Twisting without fracture
3 PC Free 29 79.8 YES
4 2000 325 82.5 YES
5 PCL Free 43 90 Small cracks and twisting
6 2000 43 90 Small cracks
7 PP Free 43 90 NO
8 2000 43 90 NO
9 UHMWPE Free 43 90 NO
10 2000 43 90 NO
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Fig. 5. FFLD for PVC, PC and PCL with spindle speeds set at free and 2000 rpm.

significant variation in the glass transition temperature, either with
spindle speed, or due to the strain conditions. For these two poly-
mers, the exact T;; was not obtained because it is significantly far
from the forming temperatures (around 210 °C for PVC and 225 °C
for PC).

For PCL, PP and UHMWPE, the glass transition temperature is
lower than the room temperature (approximately, —60 °C, —10 °C
and —160 °C, respectively). Therefore, Table 7 only presents their
melting temperature, since they are in the range of the tempera-
tures achieved in the SPIF process. In order to calculate the degree
of crystallinity X,, the heat of fusion of 100% crystalline polymer

(AHY) is required, which is considered to be 139.5 J/g for PCL [31],
209 J/g for PP [32] and 290 ]/g for UHMWPE [33]. Once again, no
clear trend could be found because the melting temperature and
the degree of crystallinity were nearly the same for each material
independently of spindle speed and strain conditions. Similar re-
sults regarding the effect of spindle speed on crystallinity were
found recently by Davarpanah et al. [25]. Finally, Table 7 also pro-
vides the maximum standard deviation obtained in the measure-
ment of the glass transition temperature and the degree of
crystallinity, respectively. As can be seen, they show a reduced
experimental scatter in all cases.
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Table 6
Failure or maximum strains without fracture obtained in the SPIF tests.

Test Materials Spindle speed S (rpm) Fracture strains Maximum strains

(e1 €2r) without failure

(e1, €2)

Plane strain Biaxial strain Plane strain Biaxial strain
1 PVC Free (0.91, —0.01) (0.86, 0.27) n/a n/a
2 2000 no fracture no fracture (1.04, —0.01) (0.86, 0.30)
3 PC Free (0.75, 0.00) (0.67,0.22) n/a n/a
4 2000 (0.84, 0.00) (0.71, 0.28) n/a n/a
5 PCL Free no fracture no fracture (0.91, 0.05) (0.80, 0.26)
6 2000 no fracture no fracture (0.88, 0.05) (0.80, 0.30)

*n/a means not applicable.

Fig. 7 shows the typical DSC thermograms for an amorphous
polymer, corresponding to the biaxial section of PVC (Fig. 7a), and a
semicrystalline one, which corresponds to the biaxial section of PCL
(Fig. 7b), both manufactured at a spindle speed of 2000 rpm. Notice
that melting in polymers can take place during a wide temperature
range, although the peak value is considered as the reference
melting temperature. For example, in the case of PCL sheets the
temperature ranges from 40 °C to 66 °C (see Fig. 7b).

3.5. Discussion

It is well known that temperature has an important role in the
polymers behavior and their performance during the forming
process. As has been mentioned throughout this paper, spindle
speed has a significant impact on polymers deformed by SPIF, as
was expected from previous research works [5,22,23]. This section
aims to clarify in which cases formability can be then improved by
increasing spindle speed, and consequently the reached tempera-
ture, in relation with the characteristic temperatures of each
polymeric sheet.

The experimental tests described here have revealed that the
temperature increased by between 12 and 30 °C in most cases, even
up to 65 °C in the case of PP, when the highest spindle speed was
employed (Table 7). This considerable rise in temperature has

several consequences from the point of view of formability and
failure:

- In the case of PVC, it led to higher strains being reached, but also
to the presence of wrinkles, which became the mode of failure of
the manufactured part. This effect is due to reaching a forming
temperature being closer to Tz, which may have altered the
material properties.

Regarding the PC sheets, the temperature increase significantly
improved the material's formability without modifying the
mode of failure, the only difference observed is slight, resulting
in the formation of a burr on the part manufactured at
2000 rpm. The glass transition temperature of PC is the highest
of the five materials tested, and even in Test 4 (at 2000 rpm), the
maximum forming temperature was still far from Tg. This means
that PC is not as prone as PVC to failure by twisting, even when
reaching these temperatures.

The glass transition temperature of PCL (around —60 °C) is well
below the room temperature, whereas the temperature reached
during Tests 5 and 6 were close to the range of temperature
where melting takes place (see Fig. 7b), especially in the case of
Test 6. This approximation to the melting temperature might
have caused localized melting of the crystalline lattices.
Furthermore, it should be pointed out again that PCL sheets
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Fig. 6. Summary of modes of failure for PVC, PC and PCL with spindle speeds set at free and 2000 rpm.

were manufactured from pellets by compression molding.
Therefore, the sheets might be less homogeneous compared to
the other materials, which were commercially available in sheet
form, being possible to have zones with lower thickness or an
inappropriate cohesion between pellets. A combined effect of
both approaches (i.e. the localized melting and the heteroge-
neous sheet) might explain why PCL failed by the appearance of
small cracks rather than ductile fracture, which was expected
from previous experiences in polymers deformed by SPIF.

- PP and UHMWPE are semi-crystalline polymers with a relatively

high melting temperature. At room temperature, they are above
their  glass transition temperatures, which are
approximately —10 °C for PP and —160 °C for UHMWPE. The test
geometry was successfully manufactured from these materials
without failure (no fracture, no twisting) independently of the
spindle speed used because the temperature reached in the
experiments remained well below T;, meaning that melting did
not occur in the crystalline regions of these polymers.
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Table 7
Maximum reached temperature and DSC results.
Test Materials S (rpm) Ty (°C) 8] P B u P B
Amorphous polymers Ty (°C) Xc (%)
1 PVC Free 41.23 76.55 77.76 76.99 n/a n/a n/a
2 2000 53.96 76.48 75.17 n/a n/a
3 PC Free 47.37 149.38 147.91 148.75 n/a n/a n/a
4 2000 70.56 147.62 147.96 n/a n/a
Semicrystalline polymers T (°C) Xc (%)
5 PCL Free 36.58 63.93 59.07 61.38 45.24 46.32 47.81
6 2000 54.18 61.83 61.92 49.00 49.75
7 PP Free 39.85 162.26 160.69 162.56 42.94 4243 41.30
8 2000 104.10 162.42 163.07 42.35 42.60
9 UHMWPE Free 44.93 136.22 138.72 139.30 45.90 42.06 44.79
10 2000 77.91 14039 136.52 47.55 41.89

*U, P and B refer to the location of the DSC samples with different strain conditions in the pyramidal part, which are the unformed, plane strain and biaxial strain zones

respectively.

Fig. 7. DSC thermograms for: a) PVC at 2000 rpm in the biaxial section and b) PCL at 2000 rpm in the biaxial section.
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4. Conclusions

Previous studies have revealed the influence of spindle speed on
polymers deformed by SPIF regarding the variation of forming
forces [22], energy consumption [5] and forming temperature [23].
The study described in this paper has further underlined the
importance of spindle speed, while at the same time presenting an
evaluation of the overall formability of a series of polymeric sheets
during the SPIF process, including non-biocompatible and
biocompatible materials, thus increasing the current knowledge in
formability and failure in these kinds of materials.

In this context, this research work clarifies the likely increase of
formability of the polymeric sheet related to the spindle speed,
explaining: (i) in which cases this effect allows leading with a
higher level of strains, or even suppressing failure in the test con-
ditions considered, and (ii) in which cases the increase of the
spindle speed has not a significant effect in the formability and
failure of the polymeric sheet. It has been pointed out that the effect
of the spindle speed needs to be analyzed in relation with the
characteristic temperatures of the polymeric material, i.e. the glass
transition and the melting temperatures. In this sense, a series of
main contributions can be highlighted from the results presented
throughout the paper:

- For polymers with a glass transition temperature above the
forming temperature (PVC and PC in the present case), an in-
crease in spindle speed leads to a significant increase in form-
ability and the expected mode of failure is ductile fracture
without previous necking. In contrast, if the process conditions
involve temperatures very close to or even greater than Tg, the
part could fail by twisting.

- Polymers with Ty below room temperature (PP and UHMWPE),
enhanced formability with increased spindle speed is not as
pronounced. Moreover, if the polymer has a low melting tem-
perature (e.g. PCL), the temperature reached during the forming
process could initiate localized melting process, compromising
the formability.
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Chapter 7. A functional methodology on the
manufacturing of customized polymeric
cranial prostheses from CAT using SPIF

Chapter 7 proposes a functional methodology to produce cranial prosthesis in non-
biocompatible polymeric sheet (PC), analyzing the formability of a series of polymeric
materials in SPIF with the aim of determining the capability of this process to obtain a

partial cranial prosthesis.

This study was presented in an article entitled “A functional methodology on the
manufacturing of customized polymeric cranial prostheses from CAT using SPIF”, published in
Rapid Prototyping Journal (Centeno et al., 2017).
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Abstract

Purpose

This paper aims to propose a functional methodology to produce cranial prostheses in polymeric
sheet. Within the scope of rapid prototyping technologies, the single-point incremental forming
(SPIF) process is used to demonstrate its capabilities to perform customized medical parts.

Design/methodology/approach

The methodology starts processing a patient’s computerized axial tomography (CAT) and follows
with a computer-aided design and manufacture (CAD/CAM) procedure, which finally permits the
successful manufacturing of a customized prosthesis for a specific cranial area.

Findings

The formability of a series of polymeric sheets is determined and the most restrictive material
among them is selected for the fabrication of a specific partial cranial prosthesis following the
required geometry. The final strain state at the outer surface of the prosthesis is analysed, showing
the high potential of SPIF in manufacturing individualized cranial prostheses from polymeric sheet.

Originality/value

This paper proposes a complete methodology to design and manufacture polymer customized
cranial prostheses from patients’ CATs using the novel SPIF technology. This is an application of a
new class of materials to the manufacturing of medical prostheses by SPIF, which to this purpose has
been mainly making use of metallic materials so far. Despite the use of polymers to this application
is still to be validated from a medical point of view, transparent prostheses can already be of great
interest in medical or engineering schools for teaching and research purposes.

Keywords

Rapid prototyping, Computerized axial tomography (CAT), Cranial prostheses, Formability limits,
Single-point incremental forming (SPIF)
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Chapter 8. Customized cranial implant
manufactured by Incremental Sheet Forming
using a biocompatible polymer

Chapter 8 demonstrates the feasibility of ISF considering the SPIF and TPIF process
variants to produce customized cranial implants using a biocompatible polymer

(UHMWPE), ensuring an appropriate geometric accuracy and low cost.

This study was presented in an article entitled “Customized cranial implant manufactured by

Incremental Sheet Forming using a biocompatible polymer”, accepted for publication in Rapid

Prototyping Journal on May 2017, doi: 10.1108/RPJ-06-2016-0089 (Bagudanch et al., 2018)
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Customized cranial implant manufactured by Incremental Sheet Forming

using a biocompatible polymer

I. Bagudanch, M.L. Garcia-Romeu, I. Ferrer, J. Ciurana
University of Girona - Department of Mechanical Engineering and Industrial Construction, Girona (Spain)
Abstract

Purpose — This work aims to demonstrate the feasibility of Incremental Sheet Forming
(ISF), using the most common variants, Single Point Incremental Forming (SPIF) and Two
Point Incremental Forming (TPIF), to produce prototypes of customized cranial implants
using a biocompatible polymer (ultrahigh molecular weight polyethylene, UHMWPE),

ensuring an appropriate geometric accuracy and cost.

Design/methodology/approach — The cranial implant is designed based on computerized
tomographies (CT) of the patient, converting them into a 3D model using the software
InVesalius. To generate the toolpath for the forming operation Computer Aided
Manufacturing (CAM) software is employed. Once the cranial implant is manufactured, a
3D scanning system is used to determine the geometric deviation between the real part and

the initial design.

Findings — The results corroborate that it is possible to successfully manufacture a
customized cranial implant using ISF, being able to improve the geometric accuracy using

the TPIF variant with a negative die.

Originality/value — This paper is one of the first research works in which a customized cranial
implant is successfully manufactured using a flexible technology, ISF, and a biocompatible
polymer. The use of polymeric implants in cranioplasty is advantageously because of their
lightweight, low heat conductivity and mechanical properties similar to bone. Furthermore,
the cost of the implant has been calculated considering not only the raw materials and
manufacturing time, but also the environmental impact, revealing that it is a cheap process

with a low lead-time.

Keywords: Incremental sheet forming, geometric accuracy, 3D scanning, UHMWPE, rapid

prototyping, additive manufacturing

Paper type: research paper

1 Introduction

Cranial bone defects can be classified as congenital or acquired, depending on their origin.
The acquired defects can be caused by a traumatic injury (being the most common cause),
cranial bone tumors originated in the skull bone (primary tumors) or in the neighboring
(secondary tumors), osteomyelitis (bone infection) or a cranial bone resorption (Stula, 1984).
A surgical procedure, cranioplasty, is utilized to remove and substitute the damaged area of

the skull bone using a cranial implant.
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Appropriate material to be used as a reconstruction material for the damaged cranial bone
should meet the following requirements: biocompatibility, strong but lightweight, easy to
shape, low electric and thermal conductivity, enable osteointegration (bone ingrowth), and
with a low manufacturing cost (Piitulainen, 2015; Aydin et al., 2011; Bani et al., 1991).
Furthermore, the cranial implant should have a mechanical behavior similar to the adjacent

bone.

The materials commonly used in cranioplasty can be: (i) autografts, (ii) allografts or (iii)
synthetic (Figure 1). An autograft is a bone retrieved from another part of the patient’s
body such as tibia, sternum and rib. It is worth mentioning that the biocompatibility and
osteointegration of autografts are very advantageous, therefore, they are the preferable
choice for the skull bone replacement. However, autografts cannot always be used because
of the amount needed or the patient’s health (Song et al., 2015). Second option is to use
allografts (cadaver bone donation) but they have major problems regarding risk of infection

(Bonda et al., 2015) and limited strength (Shah et al., 2014).

—  Autografts
Cranial 1r¥1plant Allografts — Metallic
materials
— Synthetic Polymeric

— Ceramic

Figure 1. Material classification for cranial bone replacement.

Synthetic materials such as metallic, polymeric and ceramic seem to be good alternative in
cranioplasty as they can skip all disadvantages of autografts and allografts. In the former
cranioplasty surgeries using metallic materials, the implants were commonly made of gold,
silver or stainless steel. Nowadays, titanium alloys, mainly grade 5 surgical alloy Ti6Al4V,
are the most widely used metallic materials (Andani et al., 2014). In cranioplasty, titanium
can be applied for fixation devices and for the manufacturing of meshed or solid plates.
Although it has remarkable biocompatibility and corrosion resistance properties, it has
significant drawbacks such as the heat conduction and the higher mechanical properties
compared to the cranial bone (elastic modulus of 110 GPa, (Majumdar et al., 2008)). The
elastic behavior of the bone depends on its location and quality, but an average elastic
modulus of 10.77£9.38 GPa (tested at 1.0 m/s) has been considered as a reference in the
literature (Motherway et al., 2009). Due to the differences in the mechanical behavior, a
titanium implant may be the cause of contiguous bone fracture under certain stress/strain

conditions.
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Polymeric materials for cranial implants are mnonabsorbable polymers such as
polymethylmethacrylate (PMMA), polyetheretherketone (PEEK) and polyethylene (PE),
and absorbable polymers such as polycaprolactone (PCL) and polylactic acid (PLA)
(Piitulainen, 2015), the nonabsorbable polymers being the most frequently utilized in the
clinical procedures. In general terms, polymeric implants have several benefits compared to
metallic ones such as lightweight (with a density from 3 to 5 times lower than titanium), low

heat conductivity and mechanical properties similar to bone. Main advantages and

disadvantages of PMMA, PEEK and PE are summarized in Table 1.

Regarding the ceramics, the most common used for cranial implants is hydroxyapatite
(hexagonal form of calcium phosphate). It has very good osteointegration because this
material is present in human bone tissue. However, it has poor mechanical properties and

the cranial implant is fragile.

Taking into account the aforementioned properties, advantages and disadvantages of the
materials, the selection of the most appropriate material to heal the defect of the skull bone
has to be done. In the case of using a synthetic material, the next step is to decide which will
be the manufacturing process that will be used to obtain the implant from the raw material,
ensuring an accurate fitting of the implant with the adjacent bone in order to reduce the
surgical procedure time, cost and risk of infection. The development of advanced
manufacturing technologies (mainly additive manufacturing, AM, processes) linked with the
evolution of digital modelling techniques for tissue reconstruction has resulted in the
possibility of producing customized medical implants in a relatively short time-to-market
(Maji et al., 2014, Leordean et al., 2015).

Table 1. Comparison of nonabsorbable polymers for cranial implants.

Polymer Advantages Disadvantages

- Biocompatible and biostable
- Noresorption

- Low cost
- Elastic modulus similar to the skull - Fracture due to impact trauma
PMMA bone (between 3.0 and 3.4 GPa) - Tissue ingrowth is not possible
(Rosler et al., 2007) - Migration

- Large amount of heat is required to
mold the part, which could damage
surrounding tissues

- Strong, inert and biocompatible
PEEK - Density, mechanical strength and - Lack of osteointegration
elastic modulus (3.24 GPa) (Barbero, - High cost

2010), comparable to cortical bone

- Bone ingrowth for porous PE
enhancing biocompatibility
PE - Elastic modulus between 0.3 and 1.0 - Risk of infection

GPa (Rosler et al., 2007)
- Easy to shape

Additive manufacturing describes a group of technologies based on the same principle of
producing 3D objects by adding material layer-by-layer. Some of the most widespread
technologies are Selective Laser Sintering (SLS), Direct Metal Laser Sintering (DMLS),
Fused Deposition Modeling (FDM), Stereolitography Apparatus (SLA), or 3D Printing
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(3DP). In the paper of Jardini et al. (2014) two of these additive manufacturing technologies
were used to be able to heal an injured area of the cranial bone. With the data obtained from
patient’s computerized tomography (CT) it was possible to reconstruct a 3D biomodel of the
damaged skull manufactured by 3DP. Then, using DMLS, a titanium implant was
fabricated and placed on the 3D biomodel to verify the adjustment. With some of these AM
technologies it is not possible to directly manufacture biocompatible implants, because they
cannot work using biocompatible materials. However, they can be useful, for example, for
the production of customized cranial implant molds. Gopakumar (2004) and Ruiz-Huerta et
al. (2016) used FDM machine to obtain a mold made of ABS and PC, respectively. After
that, the PMMA implant was cured, polished, sterilized and ready to use in the cranioplasty.

There are other advanced manufacturing processes that can be suitable for producing
customized implants, such as Incremental Sheet Forming (ISF), which is a relatively new
rapid prototyping technology useful to manufacture full or scale size prototypes as well as
small batch or one-of-a-kind sheet products. In ISF, the blank, fixed by a clamping device,
is progressively deformed using a hemispherical end-forming tool. The movement of the tool
is driven by a CNC machine or robot following the toolpath described by Computer Aided
Manufacturing (CAM) software. Depending on the existence or absence of a die, or support
post, the two main variants of the process are identified as Single Point Incremental
Forming (SPIF) or Two Point Incremental Forming (TPIF). In turn, the TPIF variant can
be classified as negative or positive. Furthermore, in TPIF it is possible to use a full die or a

partial die.

ISF technology has been mainly applied in the automotive and aeronautic sectors, either to
obtain functional parts or prototypes. However, there are other fields that have growing
interest in this manufacturing process; such as the biomedical field, which requires a
technology capable to produce unique parts in a short time and at reasonable cost. Several
works in the literature used ISF to produce ankle prosthesis (Ambrogio et al., 2005), cranial
implants (Duflou et al., 2005; Go6ttmann et al., 2012; Lu et al., 2014), palate implant
(Tanaka et al., 2007), a part for a knee implant (Oleksik et al., 2010) and most recently
several maxillofacial implants (Duflou et al., 2013; Aragjo et al., 2014). There are also some
preliminary studies that use ISF for producing medical devices, such as mesoforceps for
biopsy (Garcia-Romeu et al., 2012). All of these applications have been manufactured using
metallic materials. These biocompatible metallic materials such as titanium are very
difficult to deform at room temperature. Therefore, it is necessary to use an additional

heating system to increase the formability in order to be able to produce the desired part.

Nowadays, there are few publications dealing with the production of any biomedical device
or prosthesis manufactured with ISF using biocompatible polymers. Fiorentino et al. (2012)
manufactured a palate prosthesis using a titanium alloy and PCL (polycaprolactone).
Although their results were promising an optimization of the process parameters should be
done in order to increase the accuracy of the part. Customized cranial implants
manufactured in polymeric sheet by SPIF can be found in the literature, which are mainly
focused on the evaluation of the formability (Centeno et al., 2015) and the accuracy of

cranial prostheses in polycarbonate (Bagudanch et al., 2014) or polycaprolactone
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(Bagudanch et al., 2015a). However, in order to achieve better accuracy results the TPIF
variant should be used. Thus, a niche market where the use of biocompatible polymers
manufactured by ISF can provide remarkable advantages in terms of low cost and reduced

time to market has been identified.

The aim of the present paper is to demonstrate the feasibility of the ISF technology,
including SPIF and TPIF process variants, to produce prototypes of a customized cranial
implant with biocompatible polymer (ultrahigh molecular weight polyethylene, UHMWPE)
to get an appropriate geometric accuracy (section 3.1) in a short time-to-market and low
cost (section 3.2). For the present case study, the cost of the customized implant is
calculated adapting the methodology proposed by Branker (2011) for manufacturing simple
geometries in SPIF and taking into account additional terms related to the particularities of

the customized implant design and manufacturing.

2  Methodology

The methodology followed in order to achieve the objectives of the paper is summarized in
Figure 2 and explained in detail in the following subsections. Note that it is not necessary

for the die fabrication stage when SPIF technology is used.

Figure 2. Methodology for manufacturing a customized cranial implant by ISF.

2.1 Cranial implant design

In order to produce a customized cranial implant, the first step is to obtain medical images
using computerized tomography (CT). These images are processed in specific software called
InVesalius to obtain the 3D model. The images obtained from the CT were exported using
DICOM (Digital Imaging Communication in Medicine) protocol. InVesalius recognizes the
different tissues (cortical or trabecular bone, blood, muscle, among others) obtained from
the CT images, defining each one according to the Hounsfield scale. The model generated
from the skull bone was exported as a StL file. Using Rhinoceros® and following the
BioCAD methodology (Kemmoku et al., 2012) it was possible to have the geometry of the
health skull bone. The cranial implant was designed following the anatomic lines of the
healthy zone (Figure 3) and the CAD model in a sheet form was obtained (Figure 4) with

some additional curvatures required to progressively reach the desired shape in the ISF
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process. After forming the sheet, the cranial implant must be cut in order to eliminate the

excess of material.

Figure 3. Cranial fracture (left) and prosthesis (right). Source: Centro de Tecnologia de
Informacdo Renato Archer (CTI).

Figure 4. CAD model of the cranial implant.
2.2  Material

In this paper, 200x200 mm UHMWPE sheets have been used in order to produce the desired
cranial implant. The thickness of the sheets is 2 mm. UHMWPE is a biocompatible
polymer, commonly used for orthopedic applications. It is a lightweight material, with good
wear resistance and chemical stability (Firouzi et al., 2014). This material is mainly
processed using the compression molding technique, requiring high temperature (around

300°C) and long time (approximately 3h) to obtain the part (Huang et al., 2014).
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2.3  Experimental setup

The ISF experimental tests have been carried out on a Kondia® HS1000 3-axis milling
machine equipped with Fidia® numerical control. For the SPIF configuration (Figure 5a),
toggle clamps are used for the sheet clamping system. In the case of TPIF, the cranial
implant die is manufactured using wood agglomerate (Figure 5b), in a Deckel Maho 64V
Linear milling machine. This die is bolted in the machine work table. In order to reduce
friction during the forming process, lubricant for cold forming has been applied over the
upper surface of the blanks. The tool path has been generated using CAM software (PTC

Creo) considering a contouring tool trajectory.

a) b)

Figure 5. Setup for manufacturing the cranial implant using SPIF (a) and TPIF (b)

variants.

2.4  Process parameters selection

The process parameters selection has been done according to results obtained in previous
research works (Bagudanch et al., 2015b; Bagudanch et al., 2016a; Bagudanch et al., 2016b),
where it was demonstrated that the variation of feed rate and step down does not
significantly influence the material formability or the geometric accuracy obtained in
polymers formed by ISF. Therefore, in order to manufacture the cranial implants the values
are chosen aiming to reduce the forming time and costs, i.e. 3000 mm/min feed rate and 0.5
mm step down. As revealed in the same literature, the spindle speed is the factor with the
major influence on the results concerning forming force, maximum temperature, surface
roughness and formability. In this regard, two cranial implants for each ISF variant have
been manufactured considering two different spindle speeds (free and 2000 rpm) to
determine its influence on the geometric accuracy. Two replicas of each test have been
carried out. A hemispherical tool of 10 mm diameter made of Vanadis 23 has been used for

all the tests.
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2.5 Scanning system

Once the parts have been fabricated, mobile 3D scanner which employs Structured Light
technology (David SLS-2) is used to acquire the final dimensions and compare them with
the theoretical CAD model. This comparison is done using Shape Analysis Library (SAL 3D)
software and the deviations between both surfaces (the real and the theoretical one) are

analyzed in order to determine the geometric accuracy of the process.

2.6 Biomodel

The biomodel of the patient’s skull has been manufactured using 3DP technology (RepRap
BCN3D+) in PLA. The biomodel is used to check the fitting of the customized cranial

implant after trimming and removing the excess material.

3 Results and discussion
3.1 Geometric accuracy

Figure 6 and Figure 7 depict the geometric accuracy obtained for the cranial implants
manufactured by SPIF and TPIF respectively, using free spindle speed (Figure 6a and 7a)
and spindle speed fixed at 2000 rpm (Figure 6b and 7b). On the left side of the images the
top view of the implants and on the right side the 3D perspective are shown. The colors
represent zones which have different deviation ranges (in mm) of the real part referred to the
theoretical one. Negative values indicate that the manufactured part has not reached the
designed depth while positive values indicate that the real part has overpassed the desired
profile.

Using the simplest ISF variant, SPIF (Figure 6), the cranial implants are far from the
desired geometry, with deviations ranging between -10 and 6 mm (spindle speed of 2000
rpm) and -7 and 7 mm (free spindle speed), due to the extremely significant springback
effect that this polymeric material exhibits. In TPIF (Figure 7), as it can be observed in
both cases, the deviation varies from -4.5 to 4.5 mm, which is still inacceptable considering
that the tolerance process window for ISF when using metallic materials is 2 mm (Allwood
et al., 2005). It is, however, worth noting that in the case of using a higher spindle speed
(Figure 7b) there are less extreme regions (dark blue or red), meaning that the implant is
closer to the desired geometry and that the springback effect, which appears when the sheet

is released form the clamping system, is slightly reduced.
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b)

Figure 6. Geometric deviation (in mm) for the cranial implant manufactured using SPIF at
a free spindle speed (a) and at 2000 rpm spindle speed (b).

It should be considered that the excess material shown in Figure 4 must be cut in order to
finally obtain the implant which is marked as dashed line. This post-process operation will
eliminate some of the zones with higher deviations. Figure 8 shows the geometric deviations
measured after trimming the cranial implants manufactured at 2000 rpm spindle speed for
both variants, SPIF and TPIF, Figure 8a and 8b respectively. It has been possible to
improve the global accuracy of the implants, mainly in the case of TPIF, whereas the SPIF
variant still remains on 4 mm deviation. Therefore, the use of the simplest variant is not
recommended for manufacturing customized cranial implants due to the significant

disagreement between the designed and manufactured implants.

The geometric tolerances for this kind of application are usually wide, because one of the
implant’s objective is to repair the damaged area ensuring an appropriate aesthetic
finishing, considering the anatomic lines of the patient and being as symmetric as possible.
Therefore, even though the deviations of the manufactured implants respect to the designed
one are around *1.5 mm in some parts of the geometry, it could still be suitable for
cranioplasty, as observed in Figure 9, since the aesthetical differences to the human eye will

be practically negligible and the psychological and emotional repercussions for the patient
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will be improved. Table 2 summarizes the geometric deviations obtained in the cranial

implants manufactured in this paper before and after the trimming operation.

b)
Figure 7. Geometric deviation (in mm) for the cranial implant manufactured using TPIF at

a free spindle speed (a) and at 2000 rpm spindle speed (b).

a) b)

Figure 8. Geometric deviation (in mm) for the trimmed cranial implants manufactured at

2000 rpm spindle speed using SPIF (a) and TPIF (b).
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b)

Figure 9. a) Front view showing the deviation between the designed and manufactured
implants. b) Adjustment of the customized implant to the biomodel.

Table 2. Summary of the deviation ranges obtained in all the experiments.

Spindle speed
Free 2000 rpm
Before trimming +7 mm From -10 to 6 mm
SPIF After trimming +4 mm +4 mm
Before trimming +4.5 mm +4.5 mm
TPIF | Afier trimming +2 mm +1.5 mm

3.2 Economic cost

In the previous section it has been demonstrated that the ISF technology is able to fulfill
the accuracy requirements for a customized cranial implant. It is also important to focus on
the cost, in order to ensure that the ISF approach meets not only the technological
requirements but the economic viability as well. Recently, Branker (2011) proposed the
most complete and accurate equation for estimating the ISF cost to date, considering the
forming costs (Cs), the setup costs (Cs), the workpiece handling costs (Ci), the tooling costs
(Gy), the direct material costs (Cup), the indirect material costs (Cmip), the energy consumed
during the process (Cgp), the ancillary energy (Cga) and the environmental burden (Ceny).
However, this is a good approach for the SPIF variant to produce simple geometries, for a
customized geometry it should include an additional cost due to the design stage of a
customized implant (Caesign). The trimming cost (Ceu) and the biomodel fabrication (Cym)
have been also taken into account (Equation (1)). The cost for the TPIF variant (Crpir) will

be the SPIF cost plus the die manufacturing cost using a milling operation and the die
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material cost (Caic)(Equation (2)). The cranial implant cost manufactured by ISF is

summarized in Table 3.
Cspir = C¢+ G + Gy + C + Cyp + Cyvip + Cep + Cga + Ceny + Caesign + Ceut + Com (1

Crpir = Cspir + Cpie (2)

The contribution of each cost to the total ISF cost for a customized cranial implant is shown
in Figure 10. The cost for the SPIF variant is around 360€ while the cost for TPIF is 520€.
It is evident that the implants manufactured with SPIF will be cheaper because the die
manufacturing has a significant cost contribution. However, this increase of the cost is
balanced with parts accuracy improvement. It is also worth noting that the cost can be
easily reduced if the 3D biomodel is not manufactured, nevertheless its use is recommended
for ensuring an adequate fitting of the implant. Although the implant sterilization cost must
be also considered, which will increase the total cost, it is remarkable that the TPIF process
is a promising alternative for manufacturing customized polymer implants in a short time (1
day approximately) and at a competitive cost, since currently the customized implants cost
for cranioplasty range from 300€ to 5000€ depending on the implant material and defect size
(Sundseth and Berg-Johnsen, 2013).

Figure 10. Contribution of the cost model items to total cost.
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Table 3. Parameters used to calculate the cost of the cranial implant.

Cost (€) Parameter Value Observations
te(s) 1200 Time needed to produce each part.
Ce=t¢-Kf=23.33 Ke (€/h) 70 This value considers the investment cost of the machine, the useful
life and indirect costs such as rent of the building, taxes, etc.
C. = ﬁ = 4861 Np (u) 1 The total number of parts produced.
s N, s ' e (s) 2500 Time needed for fixing the framework and turning on the machine.
C =1t -Kf=5.83 t (s) 300 Time required for loading/unloading the workpiece.
In the present paper the time required to change the tool (t.) is not
tf T (h) 10000 . . . . .
Ce = (Kf tc +Kp) = = 0.0022 considered because, for a single part, only one tool is required. T is
T K, (€/u) 65 the tool life and K the tool cost.
In Branker (2011) Ky (material cost) is given as $/kg, therefore, in
order to obtain Cyp this value is multiplied by the amount of
Cup = Ky - MD = 55 Ko (6/u) 5 material used in kg (MD). In the present l(::’ase, th}; material cost is
given in €/sheet, thus, Ky=Cyp.
Kyror (€/L) 15 To calculate the indirect material costs, the quantity of machine
lubricant used (LO) has been ignored because the lubricant use rate
Cmip = Kpof - LOf+ Ko - LO = 0.45 LO; (mL) 30 is close to zero, therefore, the contribution on the total cost will be
negligible. Only the forming lubricant is needed (LOy) and its cost
(Kvop).
Kg (€/kWh) 0.18 Electricity cost.
In the present paper, the measurements of energy consumed
include the direct energy (Ep, from the electricity used in the
forming process) and the ancillary energy (Eja, associated with
Cep = Kg - Bp = 0.24 peripheral equipment such as cooling of the machine, CNC
E (kJ) 4846.32 | computer, etc.). The energy consumed (in J) has been calculated
using an empirical equation obtained in a previous work of the
authors (Bagudanch et al., 2016a) which depends on the spindle
speed and the forming time.
E=(2854.6+0.592-S)-t;
Eco2 0.4986 Calculated using E (kJ) and the value obtained using the CES
(kg COy) ) equation, 102.88 kg CO»/GJ (Bagudanch et al., 2016a).
LOfcon The emission intensity of the forming lubricant has been
0.0989 determined as 3.295 kg COy/LL (Branker, 2011). The contribution of
Cenv = (ECOZ + LOfCOZ + LOCOZ (kg CO2) the CO3 emissions of the machine lubricant was ignored (LOco2).
+ TLco, + MLCOZ) TLeos The emission intensity of the forming tool has been determined as
-keo, = 0.027 (ke CO. 0.3292 6.4 kg COy/kg (Branker, 2011). The weight of the 10 mm diameter
g L02) tool is 51.44¢.
MLcos In order to produce UHMWPE the carbon emissions are 1.96 kg
(ke COs) 0.1662 CO2/kg UHMWPE (Plastics Europe, 2008). The weight of a
200x200x2 mm sheet is 84.80 g.
kcoz (€/kg CO2) 0.025 Carbon cost.
e (1) 3 Time needed to design a customized implant from the DICOM files
Cdesign = tdesign * Kdesign = 90 cen obtained in a CT.
Kesign (€/h) 30 Design cost rate.
Comt Ko =5 teu (h) 0.25 Time needed to trim the cranial implant
cut 7 teut et Keu (€/h) 20 Trimming cost rate
thm (h) 24 Time needed to 3D print the cranial biomodel.
Com = tom * Kbm + Kpra - MDppa Kpm (€/h) 5 Biomodel manufacturing cost rate.
=128 Kpra (€/kg) 20 Cost of the biomodel raw material (polylactic acid, PLA).
MDpra (kg) 0.4 Direct material used for manufacturing the biomodel.
CSPIF = 356.49
tuin (h) 2 Time needed to manufacture the die in a milling machine.
This value considers the investment cost of the milling machine,
Cpie = tmin - KmintKpije = 160 Khin (€/h) 70 the useful life and indirect costs such as rent of the building, taxes,
etc.
Kpie (€) 20 Cost of the die’s raw material.

CTPIF = 51649
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4  Conclusions

The present paper has focused on the capability of the ISF technology for manufacturing
customized cranial implants using biocompatible polymers. ISF is a very flexible
technology, having a great potential in the biomedical field, and polymeric materials can be
easily formed without additional heating systems. Furthermore, the use of polymers in
cranioplasty is advantageously because they have mechanical properties more similar to the

cranial bone, they are less expensive and more lightweight.

Two cranial implants have been produced for each process variant, modifying spindle speed
as the most important process parameters in incrementally formed parts using polymers.
Using a 3D scanning system it has been shown that with higher spindle speeds and TPIF it
is possible to obtain more accurate parts. This fact is due to the heat originated from the
friction between the tool and the sheet, increasing material formability and reducing the

springback effect.

In the case of severe cranial injuries, the discrepancies between the manufactured and
designed implants are not a limiting factor, especially if these deviations are of about £1.5
mm (which were the better results found in the present paper). Here, the priority is to heal
the damaged area to protect the brain, ensure the symmetry in the patient’s skull and

improve the emotional and psychological repercussion for the patient.

Additionally, the cost of producing a customized cranial implant, since the design stage until
its fabrication using ISF, has been calculated considering all the involved factors (energy,
raw material, processing time, etc.), demonstrating that TPIF is an interesting approach for

repairing cranial defects at a low cost and low lead time.

Future work will be focused on: (i) producing the cranial implants in TPIF using a full
positive die, (ii) the development of tool-path correction strategies able to decrease the
geometric deviation of the manufactured implants, ensuring a better fitting in the health
skull bone, and (iii) besides the research in order to improve the process and the part
obtained it is also necessary to verify the implant’s behavior in vive, for example, in

animals.
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Chapter 9. Discussion

This chapter will compare and discuss some of the main findings of each paper presented as
separate chapters (from 3 to 8). The discussion will be divided in two main sections: the first
one is related to the study of the process parameters influence in polymer SPIF and the
second one is about the application of ISF to produce customized cranial implants. At the
end of this chapter, a list of additional publications related to ISF but not included as
chapters of the thesis is provided.

9.1 Study of the influence of process parameters on basic
geometries manufactured by SPIF

This first part of the discussion covers from chapter 3 to 6. The main idea of the four papers
presented under this section was to increase the existing knowledge on how the process
parameters in SPIF affect the manufacturing of basic geometries. They are presented in
chronological order as the research progressed and as the need of covering new gaps of

knowledge or deepening in the contributions of previous works appeared.

Chapter 3 presented an experimental work mainly focused on the evaluation of the forming
force in PVC parts manufactured by SPIF considering five process parameters: sheet
thickness, tool diameter, step down, feed rate and spindle speed. It was found that the

parameter that had the most important effect was the spindle speed, which was an

145
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interesting contribution since at the moment the paper was published, this effect had not
been previously studied in SPIF of polymers. On the light of this finding, additional tests
were carried out in order to demonstrate that the increase of the spindle speed caused a rise
of the temperature during the forming process due to the increase of the friction between the
tool and the sheet. Furthermore, the effect of the aforementioned process parameters on the
surface roughness and final achieved depth were also studied, being again the spindle speed

one of the most significant factors.

Since then, the research aimed to corroborate and deepen in the importance of the spindle
speed in the case of forming polymers. In the second paper (Chapter 4), the same DOE of the
previous paper was used, including one additional material, PC. The outputs analyzed were
maximum forming force, surface roughness, maximum achieved depth and, as a novelty, the
maximum temperature reached during the forming process and the energy consumption.
The importance of the spindle speed was verified and the main contributions of that work
were (i) the significant reduction on the energy consumption when a free spindle speed is
used; (ii) the methodology to determine the set of the most suitable process parameters to
obtain the most satisfactory final part; (iii) the demonstration that by using the best
combination of process parameters it was also possible to obtain the cheapest part and (iv)
the proposal of an empirical equation to predict the energy consumption mainly dependent

on the forming time and the spindle speed.

The influence of the spindle speed, among other process parameters, on the variation of the
temperature during the forming process was deeply studied in the subsequent work
presented in Chapter 5. The range of materials used was widened, including three non-
biocompatible polymers (PVC, PC and PP) and two biocompatible polymers (PCL and
UHMWPE). A Box-Behnken design of experiments was used, considering four process
parameters (step down, feed rate, tool diameter and spindle speed) and three levels for each
parameter, which allowed to determine if the effects were linear or not. It was shown that
increasing the tool diameter and the spindle speed, the temperature increased, while the
variation of the feed rate and the step down did not affect the maximum temperature
reached. Furthermore, empirical models to predict the maximum temperature were
proposed for each material, being possible to control the temperature reached and the
changes in the material properties. Therefore, the material formability could be increased
and ensure that the level of forming forces will not exceed the machine operating limits.
Moreover, it would be possible to predict which will be the increase of the temperature under
new process conditions, determining, for example, whether the material will overpass the
glass transition or melting temperatures ensuring that they are appropriate for obtaining a

successful part.

From the experimental task done in Chapter 5, it was possible to evaluate the formability
and failure modes of the selected materials depending on the spindle speed used. The strain
state of the tested polymeric sheets was measured off-line on the final part by using the 3D
deformation digital measurement system ARGUS® via circle grid analysis in order to
represent the principal strains on the outer surface within the principal strain space. The

fractography images captured in the microscope for measuring the thickness reduction and
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calculate the strains at fracture were used to analyze the different modes of failure found in
the experiments. For PVC and PC using a free spindle speed and for PC deformed at 2000
rpm, there is a ductile fracture without previous necking in the plane strain and biaxial
strain sections. In the case of the PVC part manufactured at 2000 rpm, the failure is caused
by twisting without fracture. This effect could be because of having a forming temperature
close to Tg, which could have altered the material properties. Otherwise, PCL failed by the
appearance of small cracks that could be either originated by a localized melting of the
crystalline lattices, as far as the temperature reached during the forming process was close to
the material melting temperature, or because inhomogeneities due to the in-house
manufacturing of the PCL sheets. PP and UHMWPE could be successfully formed without
failure because the forming temperature was below the melting temperature. Furthermore,
they are not as sensitive to the spindle speed variation because at room temperature they

are well above Tg.

In the light of the results presented in the thesis, it has been proved the high potential in
terms of formability of polymeric sheets manufactured by SPIF, but make also clear the
importance of evaluating the polymers formability in a proper range of process parameters
procuring materials formability libraries and so providing safe formability areas of
deformation within the corresponding FLD’s. Then, this information could be used to select
the most appropriate material and/or process parameters to manufacture successfully, for
example, a biomedical device. To contribute on increasing the available database regarding
materials formability, the procedure depicted in Figure 9.1 is proposed when a new raw
material is going to be used in ISF. Once the process parameters are selected and the
characterization is complete, the experimental tests can be performed with the aim of
analyzing its formability. During the tests, the forming temperature should be measured
and linked with the formability results, as it has been proved to have a close relationship. If
failure occurs and formability can be increased, it should be verified if the temperature
reached during the tests is close to the glass transition or melting temperatures because it
can affect the failure mode (as explained in Chapter 6). If it is the case, the spindle speed
should be reduced in order to decrease the forming temperature. Otherwise, other process
parameters can be modified, such as, depth step or tool diameter. When the part is
successfully formed or when formability cannot be further improved, it is possible to
determine the safe forming zone, increasing the current knowledge regarding the formability

of polymers.
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Figure 9.1. Procedure for determining the safe forming zone in SPIF.

Throughout the development of the thesis and with the exhaustive review of the state of the
art for polymer ISF it has been evidenced how variable is the behavior of the thermoplastic
materials depending on the process conditions, for example at different testing speeds or
operating temperatures. Therefore, to be able to adequately compare the results obtained in
different research works, the material characterization and the data provided should be as

complete as possible.

On the contrary to the regular behavior of metal sheets deformed by SPIF (Centeno et al.,
2014), it was observed in the papers presented in Chapters 3 and 4 that the formability for
PVC and PC increased at larger step down values, this fact was also found in the work
carried out by Davarpanah et al. (2015) for PVC and PLA, published almost in parallel with
the paper of Chapter 3. This formability behavior of PVC and PC is the opposite from that
found by Le et al. (2008) in the case of PP. An explanation for the difference in the
formability trends could be related to the rheological properties of thermoplastic materials.
It is well known that polymers exhibit a drastically different behavior depending on their
molecular weight, even to the extent to observe trends that are not in accordance to those
previously found in the literature, especially if two different polymers are being compared.
Furthermore, it should be mentioned that a same type of thermoplastic material (for
instance, PVC) can be found with different molecular weights depending on the arrangement
of the polymer chains, the polymerization reaction, etc. From the literature review, it can be
noticed that the polymer characterization is mainly based on the mechanical properties
(Young modulus, yield stress, etc.) typically found in metallic materials. However, it is
scarce regarding other inherent polymer aspects, such as the thermal or rheological

characteristics (Table 9.1).
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Table 9.1. Summary of the polymeric materials properties provided in the polymer ISF literature.

Legend: @ Information explicitly provided in the paper; o Information obtainable from figures

provided in the paper; 0 Information provided at various testing speeds and/or temperatures;

- Information not available.
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These characteristics of the polymer mechanical and thermal behavior establish important
drawbacks regarding the applicability of numerical methods, for example Finite Element
Method (FEM), to simulate the ISF process. This is the main reason why there are very few
works in the literature that are focused on the ISF simulation analysis (Alkas Yonan et al.,
2014, 2013). During the development of this thesis, few attempts were done in order to
identify and evaluate possible polymeric constitutive equations to be used on the simulation
of polymer SPIF (Bagudanch et al., 2014b, 2013). Although a material model was found to
be suitable to predict the mechanical behavior of a tensile test under different testing
temperatures using PVC and PC, its application on the complex process of SPIF becomes a
challenge difficult to solve. Therefore, further work is still required in order to obtain

appropriate models and be able to accurately predict the experimental results.

9.2 Cases of study: approaching ISF to the manufacturing of
custom cranial implants

The papers of Chapters 7 and 8 arise from some previous studies presented in several
international conferences, which firstly demonstrated the feasibility of producing polymer
customized cranial implants using the ISF technology. For example, Bagudanch et al.
(2015b), is the first research work that presents a customized cranial implant manufactured
in SPIF using a biocompatible polymer, polycaprolactone (PCL). It is a preliminary study
in which a scaled implant is obtained and the geometric accuracy of the final part is
measured using a 3D scanning system. PCL has an important springback effect,
significantly more remarkable compared to the non-biocompatible polymers previously
utilized. Therefore, some important deviations (from 2.5 to 4 mm) were obtained in the
steepest parts of the geometry, while in the central part the deviations were lower (0.6-1.2
mm). Even though the high deviations, this work establishes the great potential that the

technology has in order to obtain polymer cranial implants.

From these previous results, it appears the need of improving the SPIF manufacturing
process to reduce as much as possible the geometric deviations. Furthermore, PCL is
biodegradable, meaning that at a certain time period a cranial implant manufactured using
PCL would start to degrade and reduce its mechanical properties, which of course would be
a very limiting factor to be used in a real surgical procedure. Considering these key issues,

the paper presented in Chapter 8 was developed.

The case studies presented in the present dissertation are mainly considered as prototypes,
not as a final part ready to be used in surgical procedures. Before testing the cranial implant
in humans, its medical efficiency should be verified for example in animals, and also an
appropriate sterilization process is needed. Furthermore, the product must be approved
according to several norms for direct implant, which is often the most limiting factor for its

actual application.
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Even though, the results presented here can be useful to: (i) evaluate the technical and
economic feasibility of the ISF process to obtain complex and customized cranial implants,
firstly using non-biocompatible polymers (Chapter 7) and afterwards using a biocompatible

polymer, UHMWPE (Chapter 8), and (ii) establish the basis for future research on the topic.

The use of ISF and UHMWPE for manufacturing cranial implants is an interesting novelty
in the field, providing significant advantages:
e Itis a quick process and the cost of the manufactured implants is lower compared to
the commercial ones.
e Polymers compared to the metallic materials used in implants are lightweight, have

lower heat conductivity and mechanical properties more similar to bone.

In Chapter 8 it has been found that the minimum geometric deviations were obtained when
the TPIF configuration is used and when the spindle speed is 2000 rpm. These deviations are
of about 1.5 mm. In the case of severe cranial injuries, the discrepancies between the
manufactured and designed implants are not a limiting factor. What is more important is to
heal the damaged zone protecting the brain and provide and improve the emotional and

psychological repercussion for the patient (Figure 2.53).

Most cranial defects will have some variable proportion of cosmetic and mechanical
requirements. In the case of noticeable cranial defects (which is the case study of the present
thesis), they are often interpreted by the public as signs of mental disturbance or retardation
and, consequently, many patients may be inhibited from carrying out traditional
psychosocial functions. Additional anxiety is precipitated by the fear of injury to the

unprotected brain.

Physical properties of a material play an important role in protection and comfort provided
by the implant. For patient safety, the implanted material should be similar in strength and
fracture resistance (toughness) to skull bone, properties dictated by the material's strength,
elastic modulus, and percentage of elongation at failure. Of particular interest to
cranioplasty, with regard to patient’s comfort, are the material's temperature conduction
properties. Because the implant can be exposed to significant temperature changes, it is
especially susceptible to passing hot or cold temperatures to the brain, causing patient
discomfort. This is especially true of a material with a high heat conduction coefficient, such
as most metals. Material magnetic properties and radiopacity are considerations in
postoperative imaging. An implant material that is radiopaque or creates significant
artefact on MR (Magnetic Resonance) images or CT scans, making them difficult to
interpret, would detract from the usefulness of the material. Finally, a material that has
excellent biocompatibility and physical properties would be useless if it could not be easily
formed and modified to fit the skull defect. This factor is a major consideration, because it
affects the time and expertise required for implantation. If the material is difficult to mold

or deform, this aspect can multiply the cost of the implant.

Therefore, the two major purposes of performing a cranioplasty are to protect the brain and

to provide reasonable aesthetics. The most important physical requirements of the implant
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are strength similar to bone, low heat conductivity and that the material must be easy to
shape. For this specific application, it is of course important to obtain an implant as closest
as possible to the desired shape, but is not the main aspect that should be prioritized. The
proposed biocompatible and customized implant of this thesis meets all the aforementioned

requirements.

The norms ASTM F 648-07 and ISO 5834-2:2011 list some of the mechanical requirements
that a UHMWPE part must guarantee in order to be used in a surgical procedure. To ensure
that the material used in this thesis to manufacture a customized cranial implant, several
mechanical characterization tests have been performed. The obtained results and the
information provided by the material data sheet are compared to the normalized

requirements. Table 9.2 shows the summary of the results.

Table 9.2. Summary of the normalized mechanical requirements for a UHMWPE surgical part and

the material data sheet and characterization results

Material data Results from the
ASTM F 648-07 ISO 5834-2:2011
sheet mechanical tests
Ultimate tensile
>4 >27 - 41
strength (M Pa)
Yield tensile strength
>19 >19 19 17
(MPa)
El tion (%
ongation (%) >340 >300 . 370
ultimate
Ch, 1 ct
arpy mpar’ >30 - 115 No fracture occurs
Strength (kJ/m?)
Special Charpy I
pecial Charpy @pact ) 00 i )
Strength (kJ/m?)

Even though the implant had fulfilled the abovementioned mechanical normalised
requirements with satisfactory results, there are some other procedures required to obtain
the legal permission for using custom made implants, not only for ISF operations but also

for other advanced manufacturing techniques such as Additive Manufacturing (AM).

The request should be accompanied by a specific form for sanitary products of interest to
health under medical responsibility explaining: (i) what's driving the treatment of a patient,
(i) why this sanitary product is specifically required and (iii) the justification that it is
applicable and provides comparable results, among others. To justify that the product is
more suitable in relation to any other possible existing alternative, the request should
present a scientific literature review and, if necessary, referring to previous experience with

such interventions.

The authorization will be issued only for the treatment of a certain patient. The treatment
can only be carried out:
e With the patient's informed consent who must sign a document, along with the
doctor.

e Prior approval of the director of medical centre.
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e  Under the responsibility of the doctor in charge.

Taking into account this complex procedure most of the custom-made medical implants are
still far from being applicable in real cases, independently of the technology used for
obtaining them. However, this does not mean that research in this sense should not be
carried out, and the appearance of new materials/technologies that aim to provide a wider

range of alternatives should not be limited.
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Chapter 10. Conclusions.

Chapter 10 presents the conclusion of the Thesis, summarizes the main contributions

presented and points out possible further works arising from the research exposed.

10.1 General conclusions

The focus of this Thesis is to increase the knowledge regarding the use of polymeric materials
in Incremental Sheet Forming in order to manufacture customized biomedical implants at a

low cost and reduced time-to-market.

For this reason the issues considered in this thesis include as first approach an experimental
study to determine the influence of the process parameters on basic geometries produced by
Single Point Incremental Forming (SPIF) for non-biocompatible and biocompatible
polymers. In Chapters 3-6 the same basic geometry is manufactured (a truncated square
pyramid with a variable wall angle) using several polymeric materials, but the process
parameters and the studied responses are analyzed from different perspectives, leading to

the following conclusions:

e The spindle speed has an important role in polymeric materials deformed by SPIF.
This effect of the spindle does not only have the capability of decreasing the

maximum forming force, but also increases the sheet formability, evaluated by the

157
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maximum depth achieved. It also has a direct relationship with the energy

consumed during the forming process.

e  With the variation of the spindle speed there is a change in the friction conditions,
which lead to different amounts of heat generation during the tests. As a result, the
polymeric material might change its mechanical behavior or even overpass the glass

transition or melting temperatures.

e Analyzing more in detail the influence of the spindle speed on the formability by
means of circle gird analysis, it has been demonstrated that increasing the spindle
speed the formability usually improves, but it may also affect the failure mode of
the material: it can be changed from ductile fracture without necking to failure by
twisting if the forming temperature is close to the glass transition or even localized

melting could occur appearing small cracks on the sheet surface.

The focus of Chapters 7 and 8 is to demonstrate the feasibility of producing polymer

customized cranial implants by ISF.

In Chapter 7 non-biocompatible materials (PVC and PC) are used to demonstrate that it is
possible to manufacture successfully a cranial implant without reaching the material
forming limits in SPIF, showing the high potential of the technology. The main findings of

this chapter are summarized below:

e From the material characterization and formability analysis of a series of polymeric
sheets formed by SPIF it has been possible to determine the most restrictive

material, i.e., PC because presents a lower formability limit.

e Once the most restrictive material has been identified, a cranial implant has been
manufactured in SPIF. The maximum strains obtained in the implant are
significantly below the material forming limits, showing the high potential of the
technology because of the achievable enhanced formability in SPIF within a range

of process parameters .

e Although the materials used in this paper are not biocompatible, it provides a good
basis for future research. Moreover, this methodology has also an educational
interest, as far as transparent prostheses can be of great importance in medical or

nursery schools for teaching and research purposes.

The paper presented in Chapter 8 was developed using a biocompatible polymer. The
principal highlights of this last part of the present thesis are:

e Since in the previous chapters it was demonstrated that the spindle speed had an
important effect in the results of the final part, in this case it was decided to keep
constant the rest of the process parameters (tool diameter, feed rate and step down)
and only modify the spindle speed (Free and 2000 rpm). In general terms, it has been
shown that using the highest value of the spindle speed the accuracy of the implants

is improved.
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e Two ISF variants have been used, SPIF and TPIF with a negative die. As expected,
better results in terms of geometric accuracy have been obtained with the TPIF
variant. After the trimming process, the final accuracy of the implant manufactured

at 2000 rpm is £1.5 mm.

e In the case of severe cranial injuries, the discrepancies between the manufactured
and designed implants are not a limiting factor, especially if these deviations are of
about £1.5 mm (which were the best results found). In those cases, the priority is to
heal the damaged area to protect the brain, ensure the symmetry in the patient’s

skull and improve the emotional and psychological repercussion for the patient.

e A deep cost analysis has been presented for both cases, SPIF and TPIF. Obviously,
using the TPIF variant the cost of the implant becomes higher because it is required
to manufacture the die. However, it is worth the cost increase due to the reduction
of the geometric deviation. FFurthermore, ISF has been presented as an interesting
alternative for the customized cranial implants because the cost of the product is

very competitive.

With the knowledge provided by these studies, the state of the art of the Incremental Sheet
Forming process using polymeric materials is enhanced and enriched. In addition, this
proves the economic and technological feasibility to produce customized cranial implants

ensuring acceptable accuracy, surface quality and lead time.

10.2 Main contributions

The main contributions of the work presented in this Thesis are summarized below:

e The effect of key process parameters on the maximum forming force, maximum
achieved temperature, surface roughness, formability, energy and cost have been
investigated for the process of incremental sheet forming on three non-biocompatible
polymers (PVC, PC and PP) and on two biocompatible polymers (PCL and
UHMWPE). The geometry used for the tests has been a truncated square pyramid

with a variable wall angle.

e A set of process parameters guidelines has been provided in order to obtain the
better results in terms of the lowest energy consumption and cost and increase the

maximum achievable depth.

e Statistical models for predicting the maximum temperature for the five analyzed
polymers have been obtained. These models are useful for determining the most
influential factors and if under certain conditions the material will reach the glass

transition or melting temperatures.
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e For polymers with a glass transition temperature above the forming temperature,
there is a significant increase of the formability with the increase of the spindle speed
and the expected mode of failure is ductile fracture without previous necking.
Otherwise, if the process conditions led to reach temperatures very close or even

greater than Tg, the part could fail by twisting.

¢  On the other hand, polymers which at room temperature are above Tg are not as
much sensitive to the improvement of the formability with the increase of the
spindle speed. However, if the polymer has a low melting temperature, then the
temperature reached during the forming process could initiate a localized melting

and the part could fail by the appearance of small cracks.

e With the presented case study it has been shown the feasibility of the technology to
produce custom-made cranial implants using biocompatible polymers. ISF has a
great capability not only in terms of accuracy and cost but also because of its

enhanced formability limits, making it possible to produce a wide range of products.

10.3 Further work

This section suggests possible topics to continue the research and development of

Incremental Sheet Forming.

e Testing of ISF using other biocompatible materials, such as polymers reinforced
with nanoparticles (e.g. PLA with TiO:, PLA with CaCO3) or copolymers (e.g. PCL-
PLA or PCL-PMMA).

e (Comparing the geometrical accuracy of cranial implants obtained using the TPIF
positive variant with the presented in the thesis, and evaluate whether the
increment of the cost associated with the major complexity of the setup is

worthwhile if there is an improvement of the accuracy.

e Using ISF for manufacturing not only customized cranial implants, but also other

maxillofacial or orbital implants.

e Evaluating possible post-processes to improve the implant geometrical accuracy and
performance, such as heat treatments in order to release residual stresses or drilling

holes in the sheet surface.

e (Comparing the performance of a polymeric cranial implant manufactured using ISIF

with a commercial one, in terms of accuracy, resistance, biocompatibility and cost.
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