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Summary

The numbers of patients needing facial prostheses has increased in the last few
decades due tamiproving cancer survival rates. The many limitations of the
handmade prostheses together with rapid expansion of prototyping in all
directions, partiularly in producing human anatomically accurguarts, have
raised the question of how to employ this technology for rapid manufacturing of
facial soft tissue prostheses.

The idea started to grow and the project was implemented based on
CAD/CAM principles 7 additive manufacturing technology, by employing
layered fabrication of facial prostheses from stgsolwder and awater based
binder and infiltrated with a silicone polymer (SR

The project aimed to produce a facial prosthesis bggu8D colour
printing, whichwoul d match the patientdos skin
mechanical properties, through a relatively low cost process that would be
accessible to the global patient community. This was achievgardwding a
simple system for data captudesign and reproducible method of manufacture
with a clinically acceptable matal. The prosthesis produced hasveral
advantages and few limitatiomghen compared to existing products/prostheses
made from gicone polymernSP)

The mechanical propertiesd durability were not as good as those of the
SP made prosthesis but they were acceptable, although the ideal properties have
yet to be identified. Colour reproduction and colour matching were more than
acceptable, although the colour of the SPIS pads less stable than the SP
colour under natural and accelerated weathegogditions However, it is
acknowledged that neither of the two methaded represerthe natural lifeuse
on patients and the deficiencies demonstrateti@rms of mechanical pperties
and colour instability wer partially inherent in the methodology used, as the

project was still at the developmental stage and it was not possible to apply real



life tests on patients. Moreover, deficiencies in mechanical and optical properties
were probably caused bthe starchpresentwhich was used as a scaffold for the
SP.

Furthermore, a suitable retention system utilising existing components
was designed and added to the prosthédss enabledthe prosthesis to be
retained by implants witho need for the addition of adhesive. This would also
help to prolong the durability and life span of the prosthesis.

The capability of the printer to produce skin stsagas determined and it
was found that all the skin colours measurdtl within the range of the 3D
colour printer and thereby the printeras able to produce all theolours
required.Biocompatibility was also acceptable, with a very low rate of toxicity.
However, no material is 100% safe and each material has a certain range of
toxicity at certain concentrations.

At this stage of the project, it can be confirmed that facial prostheses were
successfully manufactured by using 3D colour priniagnat ch t he pa
skin shadeusing biocompatible materials and having the desirable meahan
properties. Furthermore, the techogy used enableprosthess to be produced
in a shortetime frameand atalower cost tharronventionaSP prosthese3hey
are also very lightweight, easier to use apossiblymore comfortable for the
patients. Mreover, this technology has the capability of producing multiple
prostheses at the time of manufacture at reduced extra cost, whilst the data can be
saved and can be utilised/modified for producing further copies in the future
without having to going thrggh all the steps involved with handmade
prostheses.

Based on the mechanical properties ammowr measurements the
prosthesge will have a finite service lifand the recommendation is that these
prostheses will need repiag every 6 to 12 months, dependi on how the
patient handles and maintains the prostheses and whether the prosthesis is being
used as an interim or definitive prosthesi$is was largely comparable to

existing prostheses but without the time and cost implications for replacement.
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Howe\er, it is acknowledged thdurther investigations and clinical case studies
are required to investigate tlieeal lifed effect on the prostheses and to get
feedback from the patients in order to malropriate improvements to the

mechanical propertiesd the durability of the prosthesis.
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Maxillofacial prosthodontics or anaplastology refers to gpecialty that designs and
manufactures prostheses used to replace part or all of any stomatognathic and/or
craniofacial structure. The prostheses provide descriptive evidence of the prosthesis,
including location, retention, support, time, materials, #mth (glossary, 2005)It is

both an art ana science of cosmetics, anatomiaatl functional reconstruction that is
achieved by means of artificial substitutes of head and neck structures thassing

or defective. It isthe branch of dentistry that rehabilitates intra and extaa
deformities (Worthington and Branemark, 1992Maxillofacial prostheses areften
constructed to correct facial disfiguration or deficiencies. Thesdedune to surgical
ablation of cancer, severe facial trauma or congenital craniofacial anoifkdii@s et

al., 1992)

Extensie tissue loss of facial (or body) structures often cannot be corrected
surgically because of lack of sufficient donor tissue required for surgical repair and
reconstruction. Furthermore, the patient
extensive suligal procedures or allow for the often protracted course of reconstructive
surgery, recovery and associated morbidity. Additionally, the final outcome can often be
aesthetically and functionally compromised. In such cases, defects may be replaced
artificially by the provision of facial prostheses to yie functional rehabilitation and
aesthetic repair. Often there is an associated improvement in social, emotional status
and overall quality of lifgLeonardi et al.2008) Conventional/traditional methods of
prosthesis production are well established and are used even today. These include taking
an impression, manufacturing @ast and ultimately, hand crafting a polymeric
prosthesis. The provision of prostheses iis tmanner has provided considerable
comfort and support to many patients, and allowed them to continue with normal
activities and social lifdMarkt and Lemon, 2001)Despite the great advantages that
this method has achieved, its application $faswn some limitations and shortcomings.
These are primarily related to the processing strategy, technical expertise required, time,
effort, cost and retention problems. Furthermore, there are durability problems due to
t he materi al 6s udfadg afierdaarelatively shatmperiodcobseraicing
and exposure to ultraviolet radiation frauanlight For these reasons, facial prostheses
require renewing and replacement periodically, which is a costly andinieresive-
both burdemg patients angbrosthodontists alik@/alaui, 1982)
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Time compression technologies (TCT) are beginning to be more widely explored to
provide customised prostheses. The use of TCT has the potential to offer significant
advantages over traditional processing techniques with enormous potential for
improving savings in time and cost of production, and consistency in quality. Although
the importance of medical rapid prototyping, and thdieeensional (3D) computer
aided design and computer aided manufacturing (CAD/CAM) in designing and
manufacturing muallofacial prostheses is acknowledged, its potential is far from being
fully explored. These technologies have added considerably to the field of maxillofacial
prosthetics. In terms of data capture, more recently the developmewinobntact
scanning minods including, computed tomography (CT) and magnetic resonance
imaging (MRI)1 for suface and deep tissue scanniaggd laser surface scanning and
structured light scanninipr data acquisition when information about deep tissues is not
required, haveavolutionised the way we can assess and plan how prostheses can be
designed and manufactured. Noontact scanning has minimized time and cost, and
provided an alternative to capturing accurate surface details for designing maxillofacial
prosthesegKai et al., 2000, Jin Sun et al., 2011, Sun et al., 2011)

However, to date these technologies contributed to the pathway of rapid
manufacturingi the use of CT/MRI or surface scanning to produce moulds to
manufacture prstheses, or RP manufacturing techniques to makecolonr matched
prostheses out of inflexible and unsuitable materials e.g. plastic. A manufacturing
method, using rapid prototyping techniques to produce bespoke, lightweight,
biocompatible prostheses irsaitable material is now required to complete the process
- 3D data acquisition, analyzing data and structure 3D models for maxillofacial
prostheses. The 3D rapid manufacturing of models in a more accurate way both in shape
and colour would be a signifinhadvance in medical technolo@yannier et al., 1993,

Chen et al., 1997a)lime compression technology or medical rapid prototyping is an
advanced andew technology used in different higlch industries, with potential for

use in a wide range of applications in the fields of medicine and surgery. However, not
all aspects of this technology have been fully explored or applied to the field of
maxillofacid reconstructionCheah et al., 2003a, Cheah et al., 2003bgrefore, the
challenge will be to determine what technologies can be used to address the problems of

data capture, design and manufacture.
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The scope ofhis study was to utilize and evaluate an additive method of manufacturing
namely 3D printing, to fabricate soft tissue facial prostheses following the capture of 3D
geometric and colour data. More importantly the project will hope to identify:
1) What kind of difficulties could be encounterddring the 3D printing process?
2) The capability of the 3D printing to print colour that could match the original skin
shade and the degree of colour shift that could occur during the printing process.
3) How to cantrol printing errors and colour deviations.
4) What kind of materials are needed to perform the printing processes to produce a
faci al prosthesis with the quality requ
5) Finally, can 3D printing technology replace ttraditional methods of manufacture in
the area of craniofacial or maxillofacial prostheses in producing more realistic facial
structures regarding surface anatomy details, colour matching and durability?
Furthermore, it is hoped this technologyultb identify additional advantages over
traditional methods and could overcome the many shortcomings associated with this
method of manufacture. Also, it is hoped that this application could render facial models
with higher accuracy, lower cost, shortermatacturing time, and easier storage, which

would be more convenient for the patient and the prosthodontist.



2- Literature Review Faraedon Zardawi

2 Literature R eview



2- Literature Review Faraedon Zardawi

2.1 Maxillofacial Prosthesesi Past and Present Trends

Although official documentation is scant, it is believed that maxillofacia
prostheses in one form and another ar
of tombs within tle Egyptian dynasty (16123494 BQ have provided evidence of
some facial prostheses: artificial eyes, ears and noses have been found in
Egyptian mummies. Eyesiade from precious stonesarthenware, enamelled
bronze, copper, and golithin eye sockets(Roberts, 1971b)However, it is
thought thatthese may have been inserted after death to fulfil the religious
demands and befeof that era(Moore, 1994, McKnastry, 1983) (Figure 21).
Additionally there is no formal documentation to indicate the presence of facial

rehabilitation.

Figure 2-1: Mummy (@) and (b)of an elderly male with artificial eyes inserted in
the orbits (dynasty 2122), (c) artificial eyes used in mummification
(Roberts, 1971a)
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The only materials that could have been used would have been limited to animal skin,
clay and wood. This would have severely limited what could have been provided as
these materials are degradable. As a result any prostheses made from such materials
would undaibtedly have degraded throughout time in their final resting place. Indeed
the only early evidence to suggest these methods were explored is found in a scripture
from the Egyptian era (Edwin Smith, Papyrus). A summarising copy of the ancient
Egyptian scrifure from 16' century BC has been translated and published in a modern
medical test (Wilkins 1964). This document details the medical and surgical cases of
battlefield injuries, including the head, and face, and their management.

Early prosthetic replaceents of acquired maxillofacial defects date back to the
sixteen century and used different materials and met{@idglian and Barnett, 1972)

Some of the first reports were bydho Brahe (1544601) (Fig. 22) and Ambroise

Pare (151a1590) (Fig 23). There are many documented incidents incorporating the use

of prosthese$ one such repoifrom the life history of the Danish astronomer Tycho
Brahe (15461601) highlights a reconstructed nd&ulbulian, 1954b) Tycho and his
enemy arranged to meet for a duel in the dead of night. It was entirely dark and they
found each other only by ear. After a fierce fight, Tycho lost his nose adtme in the

way of his opponent 6s s wo rldough life withoatsis di f f
nose sche decided to make one for himself out of gold and silverusimy a paste to

keep it attachednterestingly, after his enemies had seen his weseented in place,

they said it looked better than the old qiRoberts, 1971a)Despite this interesting
account of an artificial nose from the life of Tycho Brahe, Ambroise Pare {1540)

can wellbe considered the father of facial prostheses. His work and fabrication of these
appliances is considered the foundation stone of modern anaplastology. He established
the first base line principles for prosthetic reconstruction of facial prostheses by
de<ribing the indications and appliances u§@tson, 1955)(Figure 23, Figure 24).

As time has progressed, ever more adventurousscaave been undertaken.
Pierre Facular (1678761) replaced part of the lower jaw of a soldier with a cast silver
mask painted with oil paint in order to achieve the same skin c{Baumer et al.,

1996)
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Figure 2-3: Ambroise Pare (15101590) (Roberts, 1971a)

Between 1800 and 1900, William Morton (1819), Kingsley (1880) and Claude Martin
(1889) allattempted to replace nasal defects by using ceramic mger, 1974)In
1913, attempts were made to produce nasal and ocular prostheses from vulcanite rubber.
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Other materials includinggelatin glycerin have also been used to produce facial
prostheses, but practically, they showed high levels of degradation and short service

life.

FACIAL PROSTHESES

Figure 2-4: Prosthetic reconstruction by Pare(Roberts, 1971a)

However, this transition from hard metallic materials, to softer and more rubber like
materials was a huge pte and enabl ed the producti on
(Beumer etal, 1996) I n t he 19306 s repaecdd byaacrylit resinrinu b b e
fabricating maxillofacial prostheses Tylman used soft vinyl copolymer for the
replacement of soft facial parts. In the mean time Brasier used acrylic stain as an
intrinsic colorant and oil colour mixed with acrylic resin roarer as extrinsic colorant
(Beumer et al., 1996)n 1945 soft and flexible maxillofacial prostheses were described
by Bulbulian (Bulbulian, 1954a) Later, between 196@nd 1970, various kinds of
elastomers were introduced. Barnhart, in 1960, introduced a special shidirex for
construction of facial prostheses; this was the major revolution in the history of
maxillofacial prostheseéBarnhart, 1960, Udagama and Drane, 19&2pm 1970 to
1990, different authors described marypds of maxillofacial elastomers. Gonzalez
described polyurethane for maxillofacial prosthe&&snzalez, 1978)Lontz described

the use of modified polysiloxane elastomg@rentz, 1990) Lewis and Castleberry used
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phenylene compound to fabricate facial prosthésewis and Castleberry, 198y
the 1990s polyphosphazenes, a class of metafjanic polymers, has also been
investigated for their suitability for facial prostheseslUayrence Gettlema(Khan et
al., 1992, Beumer et al., 1996)

Recently however, prosthetic rehabilitation has been considered as an alternative
to surgery in cases of severe functional and aesttietects for extensive maxillofacial
tissue lost as a result of cancer and its surgical resection, trauma and congenital
abnormalitiegLeonardi et al., 2008Facial reconstruction is not only beneficial for re
establishing patientds aesthetics or thei
i's also notable for supporting treergageat i e
the society againhe outcome of which is directly dependent on the le¥/shtisfaction
with the prosthetic rehabilitatio(Goiato et al., 2009)Maxillofacial prostheses are
considered by many the primary choice of treatment for functional rehabilitation,
aesthetic reconstruction andovidesdomforfadd ng
support to the patient on many levels including socially and psychologically.
Maxillofacial prosthetic patients usually encounter social, psychological and economic
challenges, which vary from fear of not being accepted in society,eng ftigmatized
as an outcast. This can often lead to Wermgn problem and is a source of severe
depression and rejection of lif8ykes et al., 1972)

Studies have shown overathprovements in the psychological condition of the
patients afterthe provision ofmaxillofacial prosthese¢Lowental and Sela, 1982)
Rehabilitation provids patient satisfaction and wedkeing in the family and society
(Goiato et al., 2009)Maxillofacial prostheses can be a permanent or temporary
substitute, depending on the size of the facial defect, theipant 6 s age an
health, and the progression/stasis of the conditatauri, 1982) Furthermore facial
prosthees retained by implants have demonstrasgghificanty higher levels of
contentment and acceptance than adhesive retained prosthesessiof ease of use
and retention with different daytime activiti@Shang et al., 2005)

However, maxillofacial prosthetic aids clevices produced for these patients
are considered less than optimal, with a basic problem of insufficient retention and
stability of the prosthesisSeveral methods of retention of soft facial prostheses can be
applied according to the size and morplygl®mf the defect, presence or absence of

mechanical retention means and undercuts used to engage the prosthesis. The later

10
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method of retention may traumatise the soft tissue at the contact areas within the
undercuts. The prostheses can also be retainedamieelly in rare cases by extending
the components of the prostheses to atta

in Figure 25.

Figure 2-5: Spectacles used to achieve retention (apseprosthesis (bleye
prosthesis (Roberts, 1971a)

Another method of holding the prosthesis is by using medical grade adhesives added to
the margins of the prosthesis. It could be eithéh@form of a liquid, spray emulsion,
or doublesided tape, which is the most commonly used adhesive. It has the advantages
of easy application and removal from the prosth¢€é®n et al.,, 1981)Each method
has advantages and limitations; faidhesives has been widely used for retention of
extraoral prosthees(lsmail and Zaki, 1990)However, a major limitation is achieving
optimal adhesion of the prostheses for long periods of time. Another disadvantage of
this method of retention is the interaction of the adhesive material with thé i ent 6
skini perspirdion, movement, sensitivity/allergy to the adhesive material. Furthermore,
there is the issue of cleaning and removal of the adhesive material from the prostheses
and the skin on a daily bases, which increases the possibility of tearing the prosthetic
margn during maintenancgKiatamnuay et al., 2000)Another critical problem
relating to adhesive retained prostheses, and in fact prostheses in general, is colour fade.
In addition to these problems, there are also concerns with alteration to the material
consistency and propersi@vith an increase in potential damage to the prostf@hisn
et al., 1981)

The second major evolution came @791 this was the use of osseointegrated

implants with bar/clips and magnets to retain soft tissue facial prostlasssispwn in

11
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Figures 26 and 27 respectively. The technique was based on the inibatept by
Branemark (Figur@-8) and involves inséing the implant into the facial bones to act as
anchors in order to hold different types of prostheses. Parel et al (1986), considered the
use of implants for retention of facial prostheses as the most important event in the last
25 years in field of makofacial prosthetic(Parel et al., 1986)This was primarily
because implant retained prostheses couicome a lot of retention problems with the

limitations and disadvantages of medigahde skin adhesives.

Figure 2-6: Clip type design
http://www.anaplastologglinic.com/home/implantetention

Figure 2-7: Magnet design

12
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Figure 2-8: Professor Peringvar Branemark, the inventor of osseointegration
http://www.informaik.gu.se/digitalAssets/1314/1314015 branemark.jpg

2.2 Current Facial Prostheses
2.2.1 Materials Available

There is no single material to date that fulfils all the ideal properties or requirements of
maxillofacial prostheses. A wide variety of materials, witlrgge of characteristics and
properties have been used in maxillofacial prosthetic reconstruction. They have
different physical properties, ranging from hard and inflexible but durable, to soft and
flexible but fragile. These include alloys, ceramics, hardl soft polymers and
elastomers. The most widely used materials for fabrication of maxillofacial prostheses

are:
2.2.1.1 Silicone Polymers

Poly-dimethylsiloxane (PDMS), often referred to simply as silicone, is an important
class of organailicon synthetic mateadl based on molecular chains of alternate silicon

and oxygen atoms. It is a combination of organic and inorganic compdiRattsni,

2004) | t was first applied to maxill ofaci a
(Barnhart, 1960, Beumer et al., 199%p date, it is the most widely used maxillofacial
material for extra oral prosthetic devices. This is because its physical properties make it

suitable for use when adaptability and accommodation of soft tisewement is
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required during contact bet ween the devi
can also be manufactured so that it has translucent properties and enhances the aesthetic
outcomes of the prosthesis.

There are several types of PDMS curiggctions. The condensation type of
reaction PDMS polymer is terminated with hydroxyl groups and it is of adequate molar
mass to achieve sufficient degree of viscosity, whilst the crosslinking agent is an
oligomeric poly (hydromethylsiloxane) (PHMS). Theopess of crosslinking takes
place by the reaction of the-Hiand SiOH groups. The reaction is accompanied by
hydrogen release and is accelerated either by an amine or tin (Raateders, 1985,
Taylor et al.,, 2003)The process occurs at room temperature, and is called room
temperature vulcanized (RTV). With this silicone rubber there are two systems for this
type of curing reaction occur; olmempound and twaompound systems. In the first,
the catalyst and the creBsking agents are incorporated within the base material glurin
manufacturing , whereas with the tgompound system both the catalyst and the base
are added from separate components and mixed together just befreasus
demonstrated in Figure2 This reaction leaves a fraction of the unbounded portion of
PHMS to PDMS which can contribute to an increased free volume. This excess of
PHMS together with the low molecular mass PDMS plasticiser can leach from the
bound compound and subsequently leaartincreased free volume and microscopic
permeability at the surfac@his may lead to problems clinically including the patint
for microbial/bacterial ofungal ingrowths within the silicone elastom@ferran and
Maryan, 1997h)It may also contribute colour fade and deterioration of the prosthesis
soon after being in service. However, these compounds are considered very

biocompatiblgVerran and Maryan, 1997.a)
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Figure 2-9: Condensation curing system for silicone rubber
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Another type of PDMS curing reaction is the additreaction This type of reaction
also takes place at room temperature. Cross linking takes place by attachmeHt of Si
group to double bonds. Platinum or palladium couldibed as the catalyst (Figure 2
10).

| om
——Si—H + H,C=—=CH—Si - Si—CH,—CH,—Si——

Figure 2-10: Addition curing system of silicone rubber.

A further method of curing is the peroxide curing hoet, used with high temperature
vulcanized (HTV) silicone polymers. This follows a free radical curing mechanism and
requires a certain amount of heat for initiation. The curing reaction by organic peroxides

freeradicals is shown in Figu211.

ROOR — Z2RO.

CHs .CH,
—Sj—™ 00— + RO —nus ——gj—o—— + ROH
CHs CHs
T
Si—O
CH, |
| CH,
2 —S§—0— — |
| CH,
CH, |
Sli—C
CHa

Figure 2-11: Peroxide curing system for poly (dimethylsiloxane)

Finally there is the irradiation curing system, where ctiogsng is induced by
radiation including gamma ray or high energy electron b@aonton M, 1987)
The length of the polymer chain within the silicone determines the viscosity of the

material, as does the addition of fillers or other compounds. Othditivad can

15
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incorporated into the compound such as colorants, antioxidants and crosslinking agents,

in order to transfer the material from a liquid to a rubber during processing.

The cross links between the long polymer chains create a strondjinikieg between

the components, that candét be separated

heat and degradation during exposure to ultraviolet (igatler, 1974)

The mechanical belviour of silicone polymers are strongly correlated to three main

factors:

1) The molecular weight distributionblending both long and short chains of the same
polymer creates a broader bimodal network which combines mechanical properties
of high tensilestrength, tear resistance and elasti(8igah and Winter, 1996)

2) Incorporation of a hydrophilic surface treated silica fillers (with dimethyl silyl or
trimethyl silyl groups) into the base polymer allows the polymer chains to uncoil and
slide past neighbouring filler particles. This increases the crosslinking between
neighbouring PDMS chains, and thus provides the elastomer \highar strength
under defomation(Raymond, 1977)

3) Degree of crosslinking elastomeriachains are essential in order to optimise tensile
and tear strength. The higher the crosslinking, the harder, more brittle elastomeric
material is produced, whereas low crtisk density providedower tensile and tear
strength(Raymond, 1977).

The two mgor groups of polydimethylsiloxane silicone elastomers used for fabrication

of maxillofacial prostheses are:

1) Roomtemperature vulcanizing (RTV) silicones these include a filler of
diatomaceous earth particles and are composed of two main partalystca
(stannous octate) and a cross linking agent, eatkg silicate. This group includes
a variety of materials namely Silastic 382 and 399. They are indotrcstable
viscous polymers. MR4-4210 is also widely used in the manufacture of
maxillofadal prosthese¢Beumer et al., 1996)These materials are translucent so
they can be blended with suitable earthpgmt s t o repl i cate t he
colour, with higher colour stability. The material is biologically inert and processed
easily. Furthermore, it can retain physical and mechanical properties at a wide
range of temperatures. The main disadvantagéhe@se materials is poor edge
strength(Maller et al., 2010)
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2) Heattemperature vulcanizing (HTV) is used whegher tear strength is required
Tear strength is determined by the type and nature of the cross linking in the catalyst.
Different heat vulcanized silicone elastomers exist andudecl Silastic 370, 372,

373, 44514, and 4515. They are highly viscous white/opaque materials with a
Dichlorobenzyl peroxide/platinum salt catalyst. Different amounts of silica fillers are
added according to the degree of hardness, tensile and tegtrstieat is required.

The material has thermal and colour stability but it lacks flexibility and restricts
movement. It has poor aesthetic output because the material is opaque and many
consider it to have an artificial or lifeless appearance. A new genedd (HTV) are
Q7-4635, Q74650, Q74735, SE4534U and these have shown improved
mechanical properties compared to MDX210 and MDX44514 RTV Silicone
(Beumer et al., 1996, Lontz, 1990)

2.2.1.2 Polyurethane:

Polyurethane polymers are formed by combining two functignaips One of these
groups contains two or morgocyanatdunctional groupsnd the other contains tvay
morehydroxyl groups (Figure 242). It is a soft polymer and has elastic properties with
sufficient strength to allow the production of thin and soft margins, therefore increasing
itspoenti al to Ablendd in with surrounding
soft tissues around the margin. However polyurethane has several disadvantages.
Isocyanate is hydrophilic and absorbs moisture, which could lead to the formation of
gas bubles which affects the ltaracteristics of the materialhis property makes it
difficult to work with in a humid environment. Another disadvantage of these
compounds is the relatively quick loss of the plasticiser, which leads to rapid
discolouration andoss of strength of the prostheses. The material is not colour stable
under ultraviolet light and with a relatively rapid surface degradation after cleaning and
removal of the adhesive from the prostheses, means that it is not ideal for this purpose
(Beumer et al., 1996, Gonzalez, 1978)
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Figure 2-12: Chemical structure of polyurethane.

2.2.1.3 Polyvinylchloride and co-polymers:

Polyvinyl chloride is produced bwolymerizationof the monomervinyl chloride

(VCM), as shown in Figure-23. Theyhave some desirable properties, especially when
used in combination with-80% vinylacetate, which acts as a plasticiser. The reactant

in these elastomer is a hydroxyl terminated polymer and isocyanate terminatiggtcatal
Again, a wide variation in properties can be obtained by altering the proportion of the
reactant and catalyst. These properties include increased flexibility and adaptability to
both intrinsic and extrinsic colouration. However, the disadvantagdssofmaterial is

the early loss of plasticisers, resulting in colour loss, increased permeability, easy
tearing of the prosthetic edges and absorption of body secretion. These factors can result
in rapid degradation of the physical properties of the mai@fialler et al., 201Q)
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Figure 2-13: Poly vinyl chloride.

2.2.1.4 Acrylic resin and acrylic co-polymer:

The use of acrylic is limited to those defects where limited movement occurs in the area
of the defect. This is because it is a hard material and can catsegpirritation to the
tissue bed if there is excessiv@vement around the prosthedikese include intraral

obturators and ophthalmic prostheses. However it has the advantage of being easy to
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process, produce very thin margins, and can be coloarachieve skin colour easily. It

al so has a good strength and a | ong fish
infiltrate powder granulate sizes can be used to alter the characteristics of the finished
prosthesis, however the ingredients are usishlipndardised for this process in order to
achieve predictable results.

Although acrylic cepolymer has some acceptable properties i.e. soft and
flexible, it has a major disadvantage of poor marginal adaptation and poor durability on
exposure to outdoors athering. It also has a poor surface texture, which can facilitate
stain collectionKhindria et al., 2009)

2.2.2 Fabrication

With the development of soft and flexible materials and their application by
maxillofacial prosthodontists/anaplastologists, the basic technique of fabrication has
been modified in the past to follow the processing demands of these teaf@iffarent
methods of fabrication of facial prostheses have been described by different authors
based on type of the facial prostheses and thus, the particular demaadH@pecific
prosthesigWang, 1999, Madn et al., 1997, Craig et al., 1978, Coward et al., 1999, Al
Mardini et al., 2005)The steps of making a prosthesis can be summarised as follows:

1) Taking an accurate impression for the area requiring a prosthesis and obtaining fine
detail of the affe@d area. This is performed by selecting the suitable impression
material according to site and size of the defect, and presence or absence of any
undercuts in the area of the defect. Many impression materials are available, ranging
between soft/flexible thard/rigid. Among these materials are hydrocolloid alginates,
elastic siliconepolymer impression materials, and rigid materials like plaster of
Paris. Although plaster of Paris can achieve excellent details of the defect it has
disadvantages and limitath s i n t he presence of wunder
used in the presence of severe undercuts as fracture of the impression material will
occur on removal and/or damage to the soft tissue might occur. Therefore, it is
preferable to use flexible otastic material in cases of moderate to severe undercuts.
Sometimes a combination of both soft and rigid impression materials gives an
optimal result. The area of the undercut can be recorded first with a soft

elastic/hydrocolloid material, whilst any arefdefect or impression that required re
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enforcement could be reinforced by a rigid jacket of plaster of Paris. Furthermore,
the impression can be removed from the undercut without fracture of the material or
causing injury to the soft tissues.

Presurgial impressions are also an important step in saving the details of the
diseased area that is going to be replaced following resection, and again, a
combination of impression techniques may be used.

2) An accurate master cast is obtained from the impmsichould be remembered
that the i mpression is the negative AfApi
accurate fipositivedo cast for the defect

3) With this cast the maxillofacial technician builds ine fost structure from wax or
clay. The wax model is carved until the natural morphological details of the defect
are obtained. The technician basthis design on information obtained from the
patient. This can be detail from the ymeerative condition.e. mould or photos, or
from characteristics obtained from contralateral structure, if available i.e. ear or eye.
Further mor e, i nformation can be obtaine
have some similarity in their facial features. This relativay have features that
could be used as a referer{Bzumer et al., 1996 More modern techniques include
computer eftware packages including imageliting softwaresuch asAdobe
Photoshop or CAD software such as Mimics or Freeform to help in building and
carving the prostheses. For fabrication of complex prosthesis, several methods could
be applied when a pigurgicalcast is not available.

4) Checking the wax or clay model of the missing part on the patient to check the details
and inspect the margin of the model for any gaps or space between the model and the
surrounding tissue. Special attention must be paid tondrginal adaptation and fit
for better aesthetic results.

5) Transferring the model into the final materalrhe wax pattern is returned to the
master cast and conventional flasking methods are undertaken using dental stone.
The wax is then removed andhe cast is lubricated with a suitable
lubricant/separator.

6) A suitable maxillofacial silicone rubber is then selected and mixed according to the
manufacturerdéds directions. Col ouring a

checked agai skiatolouringl theapprdpreate tofbowr will be achieved

20



2- Literature Review Faraedon Zardawi

i this will produce the base colour of thea t i skin. Th® silicone rubber is then
applied to the mould and the flasking process completed.

7) After setting of the siliconeubberwithin the casthe facial prosthesis is recovered
from the mouldtrimmedand extrinsic colorant added if necessary. The prosthesis
can then be delivered to the patient after giving carful instruction about using
adhesives and/or other retentive features to positierptbstheses, and instruction

for cleaning and maintenance.
2.2.3 Requirements:

A meeting of the American Academy of Maxillofacial Prosite held in Washington

in 1966, stated that the materials used in maxillofacial reconstruction should be
biocompatible ad safe so they can be used in contact with human skin without causing
any irritation (Report, 1966) This meetg also confirmed that it should resemble
human skin in texture and colour and be flexible enough to show similar properties and
mimic the natural feeling of skin and human tissues, as shotgumes 2-14, 2-15 and

2-16. The material should also be tréutent enough so it can show the vitality of
natural tissues around the prosthesis. Durability and environmental resistance (including
sunlight, hot and cold temperatures), plus resistance to body secretion and wettability
were also considered to be pripai characteristics of these materials. Additionally,
easy processing, weight and thermal conductivity and finally the hygienic properties,
such as ease of cleaning without damage or changes to the basic properties of the
materials, were also discussed thg authors at the workshop and focused on in this

meeting.
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Figure 2-14: Auricular prosthesis made from a maxillofacial silicone elastomer
http://www.colombiasaludybelleza.com/images/articulos/012a.jpg

Figure 2-15: Eye Prosthesis and the skin around it
http://farm7.static.flickr.com/6232/6252788772 fb77d318f5.jpg
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Figure 2-16: Nose prosthesis made from a maxillofacial silicone elastomer
http://a.abcnews.com/images/GMA/ht_glasses 051129 ssh.jpg

There appears to be some consensus about the properties of the materials used, and
Andres et al (1992) characterized the properties of the ideal maxillofacial materials as
follow;

1) Materials used for maxillofacial prostheses mustcimaghe human tissue in colour
andanatomical and morphological details. In other words it must be able to provide
human skin colour and morphological details of the maxillofacial soft and hard
tissues ad match these tissues in terms of consistency of detail. For the maxillofacial
region, different consistencies of these materials are required according to the type of
tissue that are being replaced, and whether it is a soft tissue replacement or a hard
tissue replacement or combination of both tissues. Furthermore it must be highly
elastic with high edge strength so it can resist tearing at the periphery, and it must be
soft and comfortable to the surrounding tissues in order to permit tissue movement
without irritation to the areas of contact with the surrounding tissues. It should also
be lightweight.

2) The material must be highly compatible with human tissue; it must not be toxic,
cause allergic reaction or sensitivity/irritation. It should be hygiemd easily
cleaned and maintained. It should also be permeable so that moisture levels are kept
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to a minimum and have no odour (or at least no bad odours) released from it. It must
resist bacterial growth and not elicit microbial infections.

3) The material must not show adhesion problems with human tissue when aided by
adhesive materials, or any other means of adhesion or mechanical methods of
attachment. The adhesive used must be removed from the material and from the ski
easily without irritating the skin or causing damage to the prosthesis.

4) The material must be durable and strong so it can hold mechanical attachment aids
without displacement.

5) The material must be able to accept both extrinsic and intrinsic colouring agents
without releasing them during service and it must show the same characteristics such
as vitality and translucency as human tissue withowtder surface glaze.

6) The material should demonstrate easy processing regarding its polymerization and
other moulding processeand it must be repairable lirable, and able to maintain
or modify the marginal integrity of the model.

7) The materialshould be able to produce durable models with high resistance to
outdoor and other deteriorating factors during service in order to last for at least one
year with the abovenentioned properties and characteristiesdres et al., 1992)

Of course, it should be remembered that these are ideal properties and that not all of
these are achieved on every oazas

Ot her s have al so described ii deal o pr c

characterized the #fAideal 6 properties of

material should possess the following properties:

1) Low viscosity, long working time, bde to accept colorations, low processing
temperature and it should be moulded easily.

2) Show optimal mechanical properties including tensile strength, tear strength and
percentage of elongation. It must also show enough hardness to resist environmental
factors, outdoor weathering and chemicals, stains, and body secretions.

3) The material must be inert, ntoxic, not cause any kind of sensitivity or allergy to
the patient, and must be hygienic, not heavy in weight and not expébswis and
Castleberry, 1980)

Although considerable advances have been made in both treatment modalities for

patients suffering from facial disfiguration and materials used in maxillofacial

reconstruction, ther e i s sti |l | no ii dea
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improvements that have been made in recent years, significant work in this aspect is still
required in order to achieve the ideal mate(Mbore, 1994)

2.2.4 Limitations of Current Prostheses

Conventional methods for producifgcial prostheses have several limitations. Firstly,
they aremanually grafted prosthesis and require a high degree of technical skill.
Secondly,they are relatively expensive and time consuming to produce. A facial
prosthesis takes many complex steps tmmete- as described previously. These are
time consuming and expensive in both time and materiBlsibulian, 1973)
Furthermore, these prosthesksnot last indefitely, and once delivered to the patient
undergo deterioration. These changes occur with the colour and consistency of the
prostheses. This can in turn create prob
skin to the prostheses, and for this reatium prosthetic must be changed regularly.
Once fitted the facial prostheses will be in contact with human skin/mucosa for a long
period of time and my absorb skin/oral secretion including sweat, sebaceous secretions
and saliva which my lead to degradatioof the materia{Lewis and Castleberry, 1980)
Indeed it can be argued that the characterisfitkeoprosthesi$ colour, consistency,
mechanical properties, are only optimal at the time of delivery and only ever decrease
from that point onwards.

The limited service of maxillofacial prostheses is usually a consequence of
deterioration of the elast@n and colour change under environmental exposure to
sunlight and change in temperature, humidity and hand contact during cleaning and
adhesive use on a daily ba@zhen et al., 1981, Hanson et al., 1983)

2.3 Material Properties

Maxillofacial silicone elastomers are used to achieve functional and aesthetic
characteristics while in service. The durability of facial prostheses is dependent on the
mechanical and physical properties of the materials used in the fabricdtihhese

prostheses.
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2.3.1 The Mechanical Properties

Silicone rubber is the most widely used material in maxillofacial prostheses because of
its mechanical properties including ease of processing, biocompatibility and chemical
inertness(Lai et al., 2002) However its mechanical properties do not fulfill the ideal
requirementg(Hatamleh and Watts, 2010cYariations in mechanical properties for
different maxillofacial elastomers are diwted to different manufacturing
formulations; including chain length of the polymers, types, amount and size of fillers,
degre of crosslinking and molecularight(Aziz et al., 2003, Lai et al., 20Q2)

Variation in crosslinker/elastomer ratio can significantly affect the mechanical
properties of these materials and in tur
after being delivered to the patient. Clinicalthis can have consequences including
colonizaton with micreorganisms including Candida albicar(aylor et al., 2003)
Maxillofacial material must be tested for diffatemechanical properties in order to
ful fil the criteria of Ai deal material o
durable material. These tests include:

1) Hardness test: Hardness is defined as the resistance to indentation under specific
conditions. The hardness of an elastomer is the result of two related properties; the
inherent, and the processed hardness. This is based on the chemical structure of the
material. Each elastomer has its own inherent hardness, which can be modified by
vulcanisaton - the hardness of the processed moulded elastomer is determined by the
degree of adjusted inherent crdisking within the material. Hardness test is related
to the material softness and flexibility and shows how soft and pliable the material is.
tcan al so be used to see how close to t
tissues they are. The ideal hardness is that which mimics the projpéries lost
tissue(Lewis and Castleberry, 1980)

2) Ultimate elongation determines the maximilexibility of the materiali elongation
values are essential to assess the maieaaility to accommaate the movement of
the adjacent soft tissue during function. It also determines matesesistance to
rupture during service and maintenafidéaters etl., 1997)

3) Tensile strength is an indication of

resistance to dApullingo f owillcatihute ©tha s e qu
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ability of the maxillofacial prostheses to overcome generaarwaend tear and
weathering over tim@Naters et al., 1997)

4) Tear strength is a material s abilit
margiral strength and resistance to shearing forces during service. For an optimal
andsuccessful aesthetic outcome marginal integrity and accurate marginal adaptation
iIs necessary in oad to blend the facial prosthesi t o t he patient 0s
thinees can appear merged with the patie
However, it results in a very fragile margin that may rupture/tear easily during
service. Therefore high tear strength is required for better marginal inte&gizyet
al., 2003) Although softness and flexibility of soft tissue prostheses are required,
high strength is also an essential property forditéension and durability of these
models(Dootz et al., 1994)Tear strength is an important characteristic of prostheses
durability, especially when the method of retention involves the use of adhesives.
Low tear strength would increase the possibility of tearingnduremoval of the
prosthesis for maintenance and/or removal of adhesive from the margin for the
purpose of cleaning. However, if the prostheses are retained by implants, tear
strength is not as essential as the mechanism of retention would not involve
excessive pressure being exerted on the margins of the prestesing insertion
and removal

In 1971, Rober evaluated the physical properties of different maxillofacial elastomers

and he reported the following range of measurements

1) Hardness of maxibfacial silicone ranged between 45 and 55 indentation hardness
(ShoreA Durometer) test.

2) Tensile strength varied between-2619 MPa

3) Percentage of elongatisangedbetween 100% and 350%.

4) Tear energy was around 17.51 N/n{Reberts, 1971b)

Furthermore a table presenting the mechanical data for a range of maxillofacial

elastomers is attached to this th&sis

! Table for the mechanical properties for a range of maxillofacial silicone polymers is attached to
appendix G
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2.3.2 Optical Properties

The deal maxillofacial materials must accept and retain both intrinsic and extrinsic
coloration without changes in the general appearance of the prostheses and preserving
the initial mechanical propertigd.ewis and Castleberry, 1980%everal methods of
colouring and tinting have been addeped for these materials. These include intrinsic

and extrinsic methods of colouration or a combination of these methods have been
widely practiced during fabrication of maxillofacial prostheses. According to the
condition and requirements of each indival case, a combination of these methods is
used to obtain the optimal colour match, and therefore achieve the best aesthetic
outcome. When colouring prostheses, an accurate base colour is used to colour the
prostheses intrinsically i.e. within the silio® After its production further colour can be
added extrinsically to obtain the most accurate colour match at the time of delivery of
the prosthesis. To colour the prosthesis various pigments areGdedration of soft

tissue facial prostheses is aalgd by adding oil based or dearth pigments (intrinsic
colouration) to the silicone polymer at an early stage of processing, before adding the
acceleator and final polymerizationThe second step is adding the individual/patient
specific colours (extrisic colouration) which is added as a thin layer to the outer
surface of the prosthesis in order to o]
skin colour(Beatty et al., 1999)

Pigments can be classified in three main wayseir colour, their origin and
according to their major constituents. The firsgamic pigments are those that are
formed from carbotinydrogen compounds, and are generally derived from animal, plant
or synthetic origin. The second group are inorganic pigments, and these are of mineral
origin. It is thought that organic pigments aréjsated to more deterioration and have a
shorter life span when exposed to environmental factors when compared to inorganic

ones.

2.4 Durability

The patientos maj or compl ain about hi s
alteration in the properties tiie materials used in the production of facial prostheses

(Cantor et al., 1969)Success of treatment depends on the mechanical and physical
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properties of the material used and their ability to resist alterations in these properties
under different weathering conditio(Sraig et al., 978). Deterioration of the delivered
prosthesis starts immediately after it has been made andifittesl resultant material
degradation will affect both the colour and overall integrity of the prosthesis and will
eventually lead to a prosthesis thattner looks acceptable or fits appropriately
(Goldberg et al., 1978, Beumer, 1996)

24.1 Changes in the Mechanical Properties

Anotherconcernwhen providingsoft tissue facial prosthesestige servicei there is
inherentdeterioration of the silicones mechanigabperties over timgChen et al.,

1981, Lemon et al., 1995The prostheses lose elasticity and becoroeeasinglyrigid.

The areas that are most susceptible argénpheriesof the prosthesis early rigidity

is thenfollowed by marginal teadue todaily application and removal of medical
adhesiveand exposure to the a t i skin sed@etiongContact betweethe skin and the

rigid border of the prosthesgan alsdead toabrasion and ulceration of the ungerg

skin at the boundaries of the prosthesis and at portions where the prosthesis moves
againsta fixed tissuebed or when the tissue moves against a fixed portion of the
prosthesis. This movement usually creates an area of conflict alastemetissue
interface which then leads to irritation of the skin and oral mucosa, and is
uncomfortable for the patierWaters et al., 1999)When assessing the effects of
environmental factors amy articleshavediscussed the use of artificial weathering and
weathering chambers to simulate normal life weathering conditions to assess the overall
deteriordion of the materialsused in this proces&Sweeney et al., 1972, Gary et al.,
2001, KiatAmnuay et al., 2002)Fading of pigments and/or dye and changes in
mechanical properties during exposure to sunlight isr¢kalt of a chemical reaction

that occur when UV radiation, in the presence of oxygen and moisture breaks down the
silicone andpigment within the prosthesis and therefore alters the reflective properties
of the material and changes its col¢Batton, 1973)This is problematic and is a key
point in the overall deterioration of any prosthe¥is.et al (1981) evaluated 4 types of
silicone, polyvinyl chloride and polyurethane polgrs for their physical properties
after exposure to artificial weathering conditiofifiey concluded that the 4 types of

silicone polymersreported no changes in physical properties on accelerated aging and

29



2- Literature Review Faraedon Zardawi

they attributed this important characteristic ttee inert inorganic &ckbone of the
molecular chairfYu et al., D80).

Articles show that the mean lifetime of elastomeric prostheses is between 6
monthsto 3 yearsand the limited service of facial prostheses results from material
degradation and colour chan@daug et al.,, 1999 Hulterstrom and Ruyter, 1999,
Polyzois, 1999) Therefore patients must be made aware of deteriorating factors and
must be instructedn how to avoid prolonged exposure to sunlight. They must also be
advised to wear sun protecting hats and sunglassbéey work or spend extended
periods of time outsideThey must also be familiar with appropriate cleaning of the
prostheses to prolong the life span. The use of cosmetics on the facial prosthestes
al., 1981, Yu et al., 1982and/or repeated washitegeaning, including the use of
solvents like isopropyl alcohol, which dissolves the pigmeskt®uld be avoided.
Smoking may also cause discoloratioh rasal prostheses and therefore must be
avoided. Finally, the patients must be instructed on how to apply and remove the

prosthesis and how to clean and store the prostf¥sist al.,1983)
2.4.2 Changes in the Optical Properties

The ability of the soft and flexible maxillofacial materials to lose their colour is
considered one of the greatest shortcoming] these types of treatmenitherefore
prostheses require regular replacement, witichld be considered a burden to the
patient in terms of time, effort and coéValauri, 1982) Environnental factors
including exposure to ultra violet light, air pollution and humidity are considered the
most common factors when deterioration of the prosthesis is observed. Other factors
including cosmetics and strong solvents for cleaning and removag @fdiresive from

the prostheses (such as benzene and xylene) also have negative effects on the longevity
of prostheses. Testing the colour stability of maxillofacial prostheses, usually involves
exposing the prostheses to environmental factors over extgededs in a controlled
manner.Samples of pigmented facial elastomers were tested by Lemon et al (1995)
under artificial weathering and outdoor weathering conditions. The samples did show
slight colour changes but in a perceptible manner. Bigger chavgresobserved and
caused by artificial weathering than outdoors. Addition of a UV absorber to the

elastomer did not protect the samples from colour chéiregaon et al., 1995)
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Sweeney efal (1972) used an accelerated aging chamber to simulate the effect of
outdoor weathering on colour stability of maxillofacial silicone materials. They
recommended two thousand hours of exposure for evaluation of maxillofacial materials
(Sweeney et al., 1972)

In 1978 Craig et al used a similar imetl to test colour stability of
polyvinylchloride, polyurethaneand 4 other silicoes (Silastic 382, Silastic 399 and
Silastic 44210, Bw corning, Midland, Mich.). The materials were evaluated by
Spectrophotometer before and after exposure to weathering condition with a 2500W
xenon light source. The results demonstrated that all silicone elastomers showed good
colour stability, although iastic 44210 elastomers were demonstrably better. The study
also suggested that decreased stain resistance and increased permeability of the
elastomers were partly responsible for the colour degradation that occurs during service
(Craig et al., 1978)Colour fade can be preserved by adding colour/pigment stabilizers.
Addition of intrinsic UV light absorber such as benzotriazole compounds in
concentration between 0.5% add% by weight can improve the longevity of the
colour.

A literature review by Gary and Smith (1998) stated that colour change is
expected after exposingilicone elastomers to aging factors. Furthermore, intrinsic
pigments may resist fade/change following exposure to UV light or solvents more
effectively than extrinsic pigments, and the use of UV absorbers reduces the effect of

extrinsic weathering facte(Gary and Smith, 1998)

243 Aging Mechanism and Effe¢ of Accelerated Weathering

Conditions on Maxillofacial Silicone Polymers

Aging mechanism refers to material degradatérthe polymersand change$o their
propertiesunder theenvironmental factorsSeveral factors are responsible for the
chemical and Ipysical deterioration of the polymers either individually,combined-
light, temperature and humidigreconsideredtriple threat for polymersAloneany of
these factors can cause damdgmyever, combinethey act synergistically and cause
furtherdamag to thepolymer These factors causlEamage to the polymer coating and

inks/pigments andhis phenomenon leads to gloss loss, colour fade, surface cracks and
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craang. Materials under these conditions lose their tensile and tear strémgtiicrease

in the stiffness andardness of the material also takes place. Material degradation, loss
of dyes and pigments, also occur under sunlight through wisld@AWV&Q-Sun,
2012)

2.4.3.1 Ultraviolet (UV) radiation from s unlight:

The primary cause of material degradation is exposorgV radiation from sunlight,

also referred to as photixidation. Photeoxidation of the polymers occur due to
absorption of radiation which results in physical and chemical chaBgesn et al.,

1995) Energy from sunligh activates free radical formation by dissociation of
hydrogencarbon bonds within the polymer chajWhite and Turnbull, 1994)The

effect of UV light is usually primarily affects the surface layer, however this effect
shows fewer reactions in the deeper layers. The free radicals utilize surface oxygen at
the surface where there is the exchange éetwUV light and oxygen diffusion
promotes the reaction. The presence of heat is a key determinant of the kinetics of this
reaction. Other weathering factors such as heat, humidity and air pollution can facilitate
the effect of UV radiation from sunlighthdhe mechanical breakdown, thus enhance the

ageing process of the polymers.
2.4.3.2 Thermal factor:

Elevated temperatures influence chemical and physical reactions within the material and
promote changes in the mechanical and optical properties of the pofyvinight,

2001) Degradation processes such as oxidation, chemical attack and mechanical creep
take place and theifffect increase under increased temperature. Oxidation is one of the
key determinants thatausematerial degradation by potentiating the theroxadation
process. The process starts by oxygen response from peroxide with free radicals P*
P*+ 02 Y POO*

The formation of free radicals at the point of polymerization for HTV silicone
polymers is increased when combined with light and/or ionizing radiation. After free
radical formation, low rate propagation of the peroxide radicals takes piaes the
effects of light and increased temperature. This propagation reaction breaks down the

polymer chains and leads to material degradation although this can take a long time.
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However, the rate can be increased when under the influence of higheratemger
(Wright, 2001) Additionally thermal induced expansiadbeit a reversible reaction in
elastic polymers,can effect material integrity (especially in composite types of
polymers with fibrous matrices), which may also lead to themmchanical failure

during thermal processir(@rown et al., 1995)
2.4.3.3 Chemical degradation:

Chemicaldamage involves the positiveationof polymers to fluid. Hydrolysis takes

place in the presence of differetypes of liquids including aci@nd alkaline. These

fluids include amides, esters and carlgooups locatedvithin the back bone chains of

the plymer. This leads to chain scission amdeductonn t he pol ymer 6s
stability thus, producing a reduction ithe toughness, fracture strain, and failure of the

polymer(Brown et al., 1995)
2.4.4 Evaluation of Material Degradation

In Recent years several devices have been developed for testing the influence of
environmental conditions on colour stability and mechanical properties of polymers.
These devices include the-€gn Xenon test chamber (ASTM G155) and QUV
acceerated weathering tester (ASTM G 1545 shown in Figures-27 and 218
respectively.

Both devices perform the same testing function using different test methods.
These differences are in the way in which they apply the humidity and light spectrum
emissian. The QUV emits the violet wavelength of sunlight between 300 nm to 400 nm,
while Xenon lamp emits the entire spectrum of the sunlight. This spectrum ranges
between 295 nm to 800 nm. Short wave wi@et wavelengths from outdoor sunlight
cause the greéest degree of damage to these polymers.
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Figure 2-17: Q-Sun Xenon test chamber (ASTM G155)
http://2.imimg.com/data2/PC/SX/IMFCE59792/gsus250x250.jpg

197¢.3000 &

Figure 2-18: QUV accelerated test chamber (ASTM G 154)
http://www.nhplcolour.com/Stability/IMAGES/quvl.png

These devices simulate the natural detrimental effects oftengexmsure to outdoor
weathering conditions and UV radiation from sunlight, moisture and heat. Although it is
a matter of debate, if there is a direct correlation between the accelerated weathering
simulations and natural weathering conditions, they could éerly time compression
method available for testing the effects of different weathering conditions on materials
within a shorter timeframe. These devices expose the test materials to extreme and
highly aggressive weathering conditions, and have the aatyardf saving extended
testing time, which is considered crucial for many manufact(@us/&Q-Sun, 2012)

The effect of accelerated weathering raixed polyethylene and polypropylene
products has been evaluated and it was found that 1000 hours exposure to UV light and

moisture, corresponds to 1 year of exposure tedoatr, natural weathering conditions.
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However, several factors must be taken in to consideration when making such
comparisons. These include the thermal background of the polymer, test conditions and
the natwe of the poymer in use.Accurate relationships between the natural and
accelerated weathering of a material in this context must be considered with these
difficulties in mind(Philip et al., 2004)

2.5 Additive Manufacturing

Additive manufacturing (AM) or additive fabrication (AF) refers to the process of
automated production of 3D mdden layersby applying solid freeform technology
based on computer aided design and computer aided manufacture CAD/GEM.
process is also describedRapd Prototyping (RP), Additive Rapid Prototyping (ARP)
or Layered Minufacturing (LM)Honiball, 2010)

CAD/ CAM technology first emerged i n
technology. However the history relating to the development of rapid prototyping can
be traced back tthe late sixties, when Herbert Voelker, an engineering professor,
started to investigate the possibility of computer controlled machines which were
involved in manufacturing machine made components that otherwise would have been
handmade by machine workéHogan, 2009)

I n the 19706s, Voel ker transferred h
designing basic algorithms and mathematical formulae for building solid structures on
computers.

I n 1987, Voel kerds idea was strongly
University) and together the process of RP with ldhased manufacturing came into
beng and implemented on a practical lev&his became the first application of
selective laser sintering tewblogy, then Stereolithographybecame the first
commercially available Rapid Prototyping (RP) technify@liams et al., 1996, Levy
et al., 2003)

Additive manufacturingis a revolutionary tdmology which was originally
based on rapid fabricatioaf a working model for testing, examination and study
purposegWohlers, 2009) It has a wide range of application with the benefitime
and cost reduction. AM alsenables the user to give immediatieedback to the

designing system. The technology has now been developed such that it is not only used
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for the rapid manufacturing of models but also to produce definitive functional
parts/components.

2.5.1 Evolution of CAD/CAM Technology

Computerassisted dsign and computarssisted manufacturing (CAD/CAM) were first
developed in the 1970s. However, they became available for dental practice only in the
late 1980s(Duret and Preston, 1991Yoday CAD/CAM hasmany applications;
however, the technology can be divided into two broad forms of automated
manufcturing techniques: additive or subtractive.
Initially CAD/CAM technology started with subtractive techniques as a numerically
controlled procesd generally machine milling(Petzold et al., 1999)The basic
principle of subtractive rapid prototyping technology is cutting though solid blocks, i.e.
metal or ceramic, to produce 3D solid models. Fine steel or diamond burs (with or
without lubrication) rotate in harmony thithe material to cut through blocks according
to selected data sorted as STL files/data in a CAD pack in order to produce a 3D model.
The main application of subtractive CAD/CAM technology, more specifically computer
controlled milling or machining, ishe use of the CERECsystem in most modern
dental laboratories for crown and bridge construcfMiyazaki et al., 2009)However,
this method has some limitations as the construction process is psifoyma milling
machine with restricted motion capability; it can be difficult to program complex
geometry with several undercuts and geometric def@dsamianos et al., 1998)he
other limitation is that only hard materials with a certain degree of toughness can be
employed in this techniquéKlein et al., 1992) Another limitation of subtractive
machining is the material waste; by its veryuna the process removes material from a
pre-determined volume and discards what is not neédis can be quite wasteful if
the design process is not planned efficiently. This is not only a matter of material waste,
it is also a matter of time consumgx produce a single piece since the machine may
only accept one part at any one tifman Noort, 2011)

Therefore, although the subtractive method of fabrication has its place in
manufacturing, it does have its drawbacks and limitations. Today, additive
manufacturing techniqgueBave the geometric flexibility to produce more complex

internal geometries. Thefore they are more attractive for dental applications and more

36



2- Literature Review Faraedon Zardawi

suited to producing arbitrary complex physical models with undercuts, cavities within
and deep internal complex geometries such as those of canals and sinuses. This kind of
manufacturing flebility can overcome many problems associated with the milling
process and it i's the outcome of t he ad
sequenti al stacking of A2Do0 | ayers whic
complexitieg(Liu et al., 2006)

In recent years rapid prototyping (RP) evolved to rapid manufacturing (RM) as a
result of technical improvements in layer manufacturinghodd, and the capability of
these technologies to employ a wide range of materials, including various types of
metals(Kruth et al., 2004, Kruth et al., 2005)
Today, CAD/CAM describes methods of additive fabrication, which are based on data

acquisition, data processing and manufacturing.
2.5.2 Medical Rapid Prototyping

Although AM is a relatively new technology, it has expanded quickly within the last
few years and has been adapted to a wide range of applications within industry,
including healthare.

Medical Rapid Prototyping was first described by Man&b et al in 1990as
the production of3D dimensionall accurate anatomical models thie human body
using a range of rapid prototyping technologi&t.A, SLS, FDM and 3DPMankovich
et al., 1990) Following their inception these technologies started to play a more and
more essential role in medicimkie tother advantages of reducing time and cost in
developing and manufactog models/implants/prostheses. With the limitations of more
conventional methods of manufacture they also improved the quality, accuracy of fit
and performancéLiu et al., 2006) The most common application of medical rapid
prototyping can be described as biomodelling, which includes the production of
physical and biological models illustrating human anatomy for diagnostic purposes and
surgical panning. Bio-Models can also be utilised to conduct the operation as intra
operation guides, assuring the accuracy and the quality of outo@iéso et al.,
1999) These modelsvere produced using SLAthe source of image datarf3D
modeli ng i s primarily the pat iusedo@osluce€sdit i ma ¢

tissues model®f suchbody partsas arteries and nasal passagéhese anatomical
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models have been successfully applied as custmed implans for surgical
recorstruction of the orbital floor and for cranioplasties. MRP has also been used
widely in maxillofacial surgery and orthopaedics for production of cusgmhimplants
andin neurosurgery and dental implantologdnderl et al., 1994, Arvier et al., 1994,
Heckmann et al., 2001, Winder, 1999, Minns et al., 2008)er medical applications

of AM arethe design and construction of customised implants for individual demands
andproduction of scaffoldfor tissue engineerings well asdrug delivery systems and

fabrication of specific surgical too{§&iannatsis and Dedoussis, 2009)
2.5.3 Data Capturing, Data Processing

The cevelopment of different types of digital scanners witwide rangeof scanning
capacity ha made it possible to create 3D models of the oral cavity directly with no
need for time consuming impressions or model pouring. In recent yetesyrah
scanners have had a significant impact on the expansion of dental applications using
CAD/CAM technology. Today a wide range of taskeluding planning, design and
manufacture of restorations/orthodontic appliancas be performed with the heti

intra oral scanners. The development of these types of digital scanners has been
accompanied by the advancement of several software packages that faéeditEsign

and manufacter of any dental restorations within a short period of tifwen Noort,

2011)

2.5.3.1 Deep structures- CT/MRI :

For deeper structures wittbigger volume or obscured by surfaceaisfi bones under

skin, data acquisition has to be achieved by other means. These can include
computerised tomography (CT) or magnetic resonance imaging (MRI). Both can be
used to produce dimensionally accurate virtual and physical models of human anatomy
derived from medical imaging data (DICOM data) using different methods of additive
manufacturing methods. CT is a medical imaging scanning device useng Xhis
method of imaging combines-rays with computer technology to produce and then
combine cros sectional images of the object/body and display them on a screen. CT
scans can outline tissues of different densitidne inside the body, very accurately

(Figure 219). Magnetic resonance imaging (MRI) is another medical diagnostic
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imaging techniquend is primarily used to display soft tissue ima@@gmnluca et al.,
2010)(Figure 220).

Figure 2-19: CT Image.
http://two-views.com/images/istockphoto 1026283canskull-slices.jpg

Figure 2-20: MRI the craniofacial region.
http://emedtravel.files.wordpress.com/2010/03/brainmri.jpg

2.5.3.2 Surface details- contact and noncontact systems

At its simplest surface digital datzapture can be performed by usiagoordinate
measuring machine (CMM) in two different walysontact or norcontact digitalizing
systems(Chang et al.,, 2006)These two systems can create digitized surface data

automaticallyand the contact methods can generate the surface data from a physical
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model by a touch probéiowever this is aslow method of data capturing and time
consuming. Furthermore, the contact method has a limited capability for measuring
complex physical models.

The process of nenoontact digitalization is achieved by an optical method using a laser
beam in order to gdure the surface datéhis method is more efficient and less time
consuming because a mass of data caachairedn a shorter time.

The data can then be transferred to a 3D CAD package for visualisation and
manipulation of a virtual 3D computer mod&his kind of data capturing can only be
used with digitally controlled machining to create small models for crown or bridge
constructionKelly, 2007)

Digitalized surface data capturinghgcoming a welbacknowledged stem that
is used where precise, noontact measurements of a 3D surface are requiceder,

2003) Noncontact 3D surface imaging systernave started to replace traditional
methods of detail captur&his method captes quantitative information about the
facial soft tissues by usimgpn-contact optical scanning techniques. T$ystem of data
capture developed rapidly as a resulttlod introdudion of different types of devices
that can scan the facial soft tissue faster by usingimasive methosl (Kau et al.,
2007)

For maxillofacial soft tissue prostheses data can be captured by laser surface
digitalizing technique (Figure-21) or Stereopbtogrammetry system (Figure22);
theseare consideed thetwo most acknowledged methods of surface imaging, because
they are noanvasive, noAonizing and norcontact methods of data capturing. Both
are highly sensitive methods of surface imaging which optimize the image capturing
system(Ireland et al., 2008, Heike et al., 2010)
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Figure 2-22: Images captured by 3dMD amera.

On the other handynly the externatlatais captured by a laser scan 3dMD camera,
whereas CT and MRiollectboth external and internal data; this reduces the size of the
image file and the processing time while converting the scanned data to CAD data.
Laser scanning is a nanvasive method of soft tissue imaging witlceessful
clinical output. However, this method of scanning has several disadvantejeding
firstly, the scanning process takes from eight to nineteen seconds, and therefore the
patient must stay fixed during the tinoé scanning in order to avoid dknical image
distortion in the captured imadpeing caused bgny movement. Furthermore, the laser
scanning system is not able to provide surface details and tissue texture precisely.
Another limitation of laser scanning the field of maxillofacial recastruction is that
the process of laser scanningtbé human face magndangetthe eyes, therefore, in

order to protect eyes, the patigntustkeep theireyesclosedduring scanning, and this
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may capturean inaccurate facial expressioespecially for tle landmarks around the
eyes(Hajeer et al., 2002)

Photogrammetry is the process of producing quantitative 3D information about
the external geometry of an object via the use of photogr&tttdogrammetry deals
with measurements of photographs and reconstructs the measurements of 3D objects
from photographic reproductions. This can be achieved by using two or more cameras
arranged as stergmirs to obtain 3D coordinates of facial geometry.
Stereophotogrammetry cammply be defined as creation of a 3D image from multiple
views of photogLeifer, 2003, Kau et al., 2007The photogrammetric system is based
on highresolution digital cameras, set up as three pods, positioned at three locations, to
the right, front and left of the olije The combination of the three cameras allows for
greater accuracy of facial anatowthin 360 degreesTwo lenses are used to capture
separate images of the same object but from different afidiesstechnique is a novel
technique called natural featis technique. The acquired data is transferred to a 3D
CAD package for processing and designing a 3D infisiggid et al., 2008)

This method of 3D imaging has some advantages over the other methods. It is a
rapid image system, capturing theatomical facial details achieved within 0.5m$Mm
with rapid generatondhe3 D di spl ay. Thus young childr
be performed with minimum risk of data distortion. Furthermore, this method of
imaging isa non-contact and noinvasivemethod of 3D surface data capturifMajid
et al., 2008)

2.5.4 Utilization of Captured Data

The data obtawrd is then transferred in a format that can be used for CAD/CAM
purposes. Data is convertedao STL typefile, andthenmanipulated withira suitable
CAD. The completed 3D design can then be transfeiwwea suitable RM system to
perform layered fabrication of the requested de@ig et al., 2000) The stored data is
analysed by a slicing algorithm which breaks the 3D parts into 2D layers, this data
then used to guide the additipeototyping machine to fabricate 3D models from the
bottom up, one layer at a tim€arrion, 1997) Several rapid prototyping software
packages are available and are widely usedlesigning medical models for additive
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fabrication. These includMimics, 3Matic, SolidWorks, Magics and FreeFormasd

each can perform general and specific tasks
2,55 The Manufacturing Processes

The manufacturing process of CAD/CAM now involves numerous additive processes;
the main difference between various types of additastnologies is the method in
which the material is built up to produce a 3D models. In general, this technology
employs layered manufacturing techniques. Some of these processes melt or soften
materials to produce the layers i.e. Selective Laser Sigtef8LS) and Fused
Deposition Modelling (FDM). Other technologies lay down liquid material called
thermodynamic sets, and these are then cured by using different metbods 1.
stereolithography (SA), lighttemperature. In the case of lamination systems thi
layers are cut to shape and joined together

Advances in rapid prototyping have been significantfrom subtractive
techniques to the former additive manufacturing technologies including
stereolithography, laser sintering, and fused deposition modelling o t he ne we
printingodo technologies wi t h (Shérgag,e2004,r e d u
Sherman, 2009)To summarise additive manufacturing techniques appio layered
fabrication using different material inclu@@iannatsis and Dedoussis, 2009)
1) Stereolithography (SLA) used with plopiolymers
2) Fused Deposition Modelling (FDM) used with thermoplastics
3) Three Dimensional Printing (3DP) used with differerdtenials i.e. cornstarcand

plaster of Paris etc.

4) Selective laser sintering (SLS) used with thermoplastics, metals athd san
5) Electron Beam Melting (EBM) used with titanium alloys
6) Lamination Object Manufacturing (LOM) used with paper and plastic.
The additive manufacturing techniques have shown many advantages over its short
period of development. This relatively newheology can be used to produce complex,
threedimensional solid structures in extremely fine detail to a high degraecuracy.
Furthermore, thigan be done on a large scale. Therefore the following advantages are
accounted for this recent technology.

1) Applicable to many industries

43



2- Literature Review Faraedon Zardawi

2) Rapid construction saving time

3) Testing products for effectiveness of function and performance in an efficient manor
and prior to definitive manufacture

4) Reducing cost of the end product

5) Easy adaptatioof existing designs or, creatimgw designs from scratch

6) Detection of design flaws at an early stage, before manufacturing

7) The potential for early feedback by the user often in the design stage

8) Better product quality, highly detailed and a@te objects are possible with rapid
prototyping technologyeBook1).

2.5.6 Dental Application of Additive Manufacturing

Since their development, many AM technologies have been employed for the
fabrication of those itemsslied in the previous paragrapislist of technologies such

as stereolithography (SLA), selective laser sintering (SL&}jein3D printing (i3DP)

and fusd deposition modelling (FDM) with a variety of materials such as wax, resin,
metal and ceramics have been practiced in the field of medicine and dentistry, with
numerous articles published under the topic of additive manufacturing or CAD/CAM

technology.
2.5.6.1 Stereolithography (SLA):

SLA wasdevelopedoy Hull in 1984. The system buildacrylic/plastic parts or objects

by curing consecutive layers of a photosensitive liquid resin by tracing UV laser beam
on the surface of the liquid resin to form a sold mdgtlll, 1986) This allows the
construction of anatomically accurate 3D models ttet beutilized for surgical
planning and rehearsing, especially with the current facilities of performing some
simple colourchanging fo biomedical applicationproviding greateinventivenesy
highlighting meticulouSiine features in a different colour (Liu et al., 2006) RP
biomodelshavefacilitated the diagnosis antreatment planningignificantly in the past,

and this has enabled thargeon taunderstand the anatomy of each particular éeean

on an individual level). In complex parts of the body, including the faegibn, this

has enhanced the level of knowledge and allowed the surgeon to understand the

difficulties that may arisel-urthermorewith presurgical interpretation and plannjrag
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biomodel allowshe clinician topredictpossible difficulties or complicains andthus
decreasesurgicalerrors omisinterpretatiorand theoperation timemay be reduced too.
Theseanatomical modelgan alsobe used for teaching, ecatonal and motivation
purposegWinder and Bibb, 2005)

SLA hasalso been used to fabricate cusiped implants for cranial anorbital
floor reconstructionAnother application of SLA modelling is construction of surgical
drilling templates diill guide for dental implant insertim and recently the
development of translucent coloured resins allewpropriate visualization and
distinction of anatomical landmark#zari and Nikzad, 2009)Additionally, and very
recently, SLA has also been used for fabrication of customised orthodontic aligners
(Invisalign, Clearstepfrom a thin transparent resin produced by CAD/CAM methods
with considerable accuracy of fit and aesthetic outceneach aligner designed to
establish about 0.2 mm of sequential predicted CAD/CAM tooth movement, each one to
be used approximately 14 daggart to produce the desired amount of tooth movement
(Phan and Ling, 2007)It is also possible to design and fabricate customiedy
models forlingual orthodontic devices by scannitigep a t i demtaladckeswith an
intraoral scanrer. This allows the technician/cliniciato build up a picture of the
patients preciseoothposition, and thus produeeodels to whichmore comfortableand
well fitting appliancescan be fabricateqLiu et al., 2006) In 2003 a study by
Wiechmann et al, investigated the effectiveness of producing custom made models and
guides to align brackets in patients undergoing lingual orthodonticsstidg based
on 600 bonded arches over a 20 month clinical testing pexaotiuded that this kind
of guide provided new opportunities for problem solving in relation to the bonding and
frequent debonding of brackets, patient discomfort and problematisHing process
(Wiechmann et al., 2003)

SLA hasalso beenused indental laboratories to fabricateth temporary or
definitive crowns andbridges following the preparation of teeth and geometric data

captured by any array digital laser scanners.

2.5.6.2 Selective laser sintering (SLS)

SLS or selective laser melting (SLMgt¢hnology enables the construction of solid 3D
objects by fusingonsecutive layers of a powder metilising high power&o0laser.

The laser used hits and melts the powder and then fuses them to§e®eanutilize a
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wide rangeof powdermaterialsi including ceramicsand metals It also has the added
advantage of manufacturing objects to a very high degrepseoision and this can be
utilised for different types of customized implants in maxillofagiedjion and/or other

parts of the bodyGiannatsis and Dedoussis, 2008hother application for this type of
additive manufacturing is the fabrication of bespoke dental implantsirapthnt
abutments for patient specific cases. Owing to the anatomical variations between
di fferent i ndividual s, there are al ways
shel fo range as t hese ma-yin sentemasesithemplant n ot

must be tailored according to the individual anatomical requirenfientet al., 2006)
2.5.6.3 Fused deposition modeling (FDM)

FDM or fused flament fabrication (FFF) was first developed by S. Scott Crump in the
late 1980s. This method of additive manufacturing is based on laying down plastic
materials (or metals) in layers through a pre heated nozzle moving in different
directions under the otrol of a software package to produce 3D models. In dental
practice it is used as an aid for the production of wax patterns for subsequent casting.
Bioplotter is a commercially available FDM machine and is able to print in multiple
materials. It can alsbe used in tissue engineering for the constructing of biocompatible

tissue/organ scaffolds.
2.5.6.4 3D printing:

3D printing is a type of additive manufacturing technique that involves similar
technology to that used in ipk&t printing systems, for manufacturi@® models in full

colour. Instead of ink the printing heads releases a binder onto a powder foundation
according to CAD information provided to the printer, and this allows printing in a
cross sectional 2D layer. The process is then repeated to prodeweZd layer on the

top of the previous layer. The process of printing continues until a full 3D model is
built. The unbounded powder acts as support for the object during the printing process.
Thus, the subject does not require supporting piles duritigeatime of printing' as

with other techniques involving wax or acryli€heung et al., 2001)lt is this
technology that has been adapted and developed to print 3D soft tissue prostheses for

the facial region.
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257 Soft Tissue Facial Prostheses and Additive Manufacturing

Technology

The current method ofonstructing maxillofacial prostheses is considered less than
ideal because of the limitations and drawbacks related to impression taking and
impression materials used, time required producing the prostheses, convenience, cost
and high technical skill neled to fabricate these prostheses. Furthermore, there are the
problems of colour matching and manufacturing accyradyich requires special
laboratory techniques and expertise (Beumer et al 1995). The disadvantages of
conventional method can however, pdially be overcome by applying a digital
techniques based on facial defect measurements in three dimensions for data capturing
and also applying digital technologies for the manufacturing prog@ken et al.,
1997b)

An additional and relatively new strategy to overcome these disadvantages is the
use of cameras or optical data acquositiSome of the first optitalata acquisition
systemsfor reconstruction of facial deformity were introduced in 2@BQinte et al.,

2002) Cheah et al presmited an application of CAD/CAMas an intermediary
manufcturing method for automatic fabrication of anatomically accurate -esdta
structures. The fabrication protocatcludes a laser scan of the face and rapid
prototyping of the model without taking an impression. This was one of the first
indications thathuman anatomical data could be acquired, and an accurate model
produced without the need for an impresgiBGheah et al., 2003a, Cheah et al., 2003b)
Numerous studies have detailed the application of CAD/CAM for indirect
fabrication of facial prostheses. Several procedures have also been published detailing
the fabrication of mirreimage casts and wax copies for maxillofacial prostheses
(Nusinov and Gay, 1980, Coward et al., 1998pwever, these techniques require more
time andare much more costly than the traditional manual procedures.

Attempts have also been made to produce parts or anatomical models that could
be used as an aid for the manufacture of other parts (with suitable materials) and used
for secondary processing.i.imoulds.Recently, Eggbeer et al (2012) evaluated a direct
and an indirect additive manufacture of maxillofacial prostheses AM method of
production for a nasal prosthesis. The direct AM prosthesis production included

production of the body of the pros#ig from a digital design and manufactured from a
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soft transparent acrylic based mateiiapolyjet modeling 3D printing process. The
body then wrapped with a layer of 0.4 mm thick HC20 silicone after it has been mixed
with base shade and flocking usingtaong adhesive G604. The indirect technique
employed using two mould sectiofebricated using 3D printing (ProJet HD 3000 Plus,
3D-Systems, Rock Hill, USA). The 3D printed mould was used to complete the
prosthesis body by moulding silicone in a mansenilar to conventional methods
using a baseshade coloumatched silicone.Both approaches relied on 3D
photogrammetry to capture patient anatomy data and FreeForm CAD for the initial
design of the prosthesis form. Critical evaluation has shown thaingdila computer
aided workflow can produce a prosthesis body that is comparable to that produced using
existing best practicéiowever to date there has been no reports of studies being able to
integrate this technology to directly fabricate fagiadstheses(Eggbeer tal., 2012)

In addition to laser scanning, rapid prototyping technology has most commonly
been used for the production of moulds to fabricate customised prostisesg$ighly
detailed CT dataHowever, this method is far from ideal as CT data islgastobtain
in terms of time and monefCheah et al., 2003a, Cheah et al., 2008b)ythermore,
these investigations were not able to integrate this technahbgyprosthetic practice,
and lacked proper evaluatoof required physical and mechanical properties of the
prostheses. It also lacked the effectiveness to develop an integrated and efficient
manufacturing procegsit was not automated and utilised many steps.

Therefore, the project within this thesiseatipts tofabricate soft tissue facial
prostheses by using full colour printing technology, utilising 3D data capture, data
processing and designing 3D models, and manufacturing coloured prostheses using 3D
col our printing. A r esdcast and emanufaictaringttimeeis f i n
expected with this proje¢Dimitrov et al., 2006a, Carrion, 199AVe also expect that
the outcome of this automated technology could be available forajogity of patients
who require soft tissue facial prostheses worldwide rather than to be confined to only a
small group of patients that can afford the high cost of the handmade prosttieses
current technique requires highly skilled manpowvtechnic& and artistic expertise,
which is not always available around the world.

Fabrication of soft tissue facial prostheses starts with data acquisition by using
3D surface imaging methods, such as laser scan or 3D photogrammetry sistim

are methods of qauring quantitative information about the facial soft tissusisgu
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non-contact techniques in order to create virtual imatjes acknowledged that highly
sensitive methods of data capture are required to optimize the image capturing process
(Ireland et al., 2008, Heike et al., 2010)

Stereophotogrammetry is a method of achieving a three dimensional image by
using one or more pairs of photographs taken simultaneously. This system obtains
quantitative 3D informatin of the surface geometry of an objdatifer, 2003) It has
several advantagewer other methods including rapid image capturencemaking it
possible for patiente’ho could not tolerate laser scanning (need to be still), CT or MRI
(often need to lie dowrior extended periods of timelJsing 3D photogrammetry
accurate capture @natomical facial details can behieved within 0.5 mm depending
on the resolution of the system, as well as rapid generation of 3D display.

Within these investigations we have managed to develop a unique and innovative
manufacturing process usiggZ-Corp 3D colour printer- based on the data received
from the software package. The printer then starts layered printing using starch powder
bound together by a water soluble binder. These layers are then produced in a
continuous sequence, one on top @ tther and are essentially stacked into a 3D form
- it essentially adds 2D layer to construct 3D objé8techs et al., 1993)
3D Printing has several advantages over other types of rapid prototyping processes. It is
considered one of the fastest additive fabrication processes available. Production time
has been reduced up to temeis when compad to other additive process@§¥ohlers,

2009) Furthermore, 3D printers are easy to use and the @rpeds are cheaper than
other additive processes by up to 5(Bherman, 2004However, the disadwtages are
thatthe 3D printed subject possesses limited mechanical properties, because only few
materials araised suitable for this proceand potentially renders the 3D printed parts
very fragileafter printing. Subsequently maequire postmanufactuing infiltration to

achieve additional streng{®imitrov et al., 2006b, Dimitrov et al2008)

2.6 Challenges and Summary

Over the decades, maxillofacial prosthetias been used to rehabilitafgtients with
facial deformities by reconstructing these deformities using artificial matérial

primarily silicone polymer based. Ovéne last 40yearscancer survival rates have
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increased as a result eérly diagnosisimprovemens in surgical techniques anubst
treatment adjunct therapies. Wever, this has also been compknted by an increase
in life span. Subsequently, this has led to ameiase in the number of patients that
require treatrant and from a maxillofacial pgpective has also resulted in increased
patientnumbers demading facial prosthese3he demand for increasingumbers of
highly skilled maxillofacial technicians and thestoof customised prosthesis has
increased tod but is often not attaine@Wolfaardt et al., 2003)This problem has led
the researchers to investigate tioée of new and innovative technologies to produce
facial prostheses, and thus, utilise®2sentury techniques to address amréasing
modern day problem. The generdisadvantagef the conventional methods of
fabrication include high cost, shortage of technical staff with increasing demand for this
kind of prostheticsit is hoped our work will deliver gelatively low cost pocess that
will be accessible to the global patient community.

The challenge then is to provide a simple system for data capturen,desig
accurate and consistemanufacture method with a clinically acceptable material
This project focuses on the manufaing aspect of the digital processing of soft tissue
facial prostheses by layered fabrication method. As demonstrated in Figu?8, the
project could be summarised a8D data capturing and manipulatioh data in a 3D
CAD package for designing tigrostheses and layered printing using Z3DDcolour
printer. Data can be saved and additioo@bies could be printed on demand in the

future.
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Figure 2-23: An overview of rapid manufacturing technology applied to fabricate
soft tissue facial prostheses

51



3- Aims & Objectives Faraedon Zardawi

3 Aims & objectives
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3.1 Introduction

Additive manufacturing technology is based on computer aided design and
manufacturing (CAD/CAM). The project is concerned with the possiydication of

the technologies in the fabrication of maxillofacial prostheses in order to improve
accuracy(Sun et al., 2011)educe manufacture tin{&zari and Nikzad, 2009)effort

and the final cost of the psthesegDavis and Emert, 2010) The patatagsnt 0 s
captured and stored in an appropriate manner so that it could be utilipealide or
replace a prosthesis.

As the project is a novel project, the baseline data published about the
fundamentatomponerdg were scant. Therefore, it was necessalpvestigate different
aspects of the project and collect the required mechanical, physical and biological data.
The majority of 3D objects printed using the@orp 3D colour printer are satisfactory
with a sufficient degree of infiltration of the suréa lyer to produce a reasonably
robust item that can be handled. In the case of flexible facial prostheses to be
constructed in this project it is important that the printed item is fully infiltrated with the
flexible silicone elastomer as this will ensurdiojum performance of the prosthesis
The printed parts can perform better after infilmatwith a suitable infiltrantn orderto
hold all the components together and provide the printed paitls the strength to
enable them to function appropriatél@atto et al., 2011)Thus, determination of the
depth of penetration of the infiltrant inside the printed structures isssential task.
Increasing the depth of penetration and improving the quality of infiltragfeould
improve the service life of the final productndeed to reduce the ratio of filler/silicone
polymer would enable optisation of many of its qualities

The mechanical properties of the materials used for the fabrication of facial
prostheses wuld determine the durability arsgrvice life of the prostheséBeumer et
al,, 1996)andt hus the patiento6s s dGhang étalc 2005 n wi
Therefore, it is necessary to determine the mechanical properties and the optical
properties of thematerial used and understartde effect of natural weathering

conditions on the prostheses in order to utiliee appropriate mateds for fabrication
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of the facial soft tissue prostheses and to motivate and help the patients to maintain their
own prosthesigYu et al., 1981)

As endosseous impliés provide the prostheses with better retention and longer
service life, it was necessary to add a suitable attachment to the prosthesis provided with
different mechanical means in order to hold the magnet in the exact position and
orientation to that othe implant.

Human skin shade varies considerakii®m very light as in Caucasians to dark
in Africans. For the ZPrinter to be able to print the whole spectrum of skin colour
requred t he skin colour gamut shoulgdmutbae com
this will determine the capability of the printer to produce the whole range of human
skin colour.

Reproducing the exact human skin colour by 3D colour printirgusction of
several factors: the RGB colour profile of the 3D printer and th@uca@apture device
(Coward et al., 2008)xlsothe type and nature of the colorant added to the biader
the nature of the materials used 3D printing. Fnally the infiltrate used in post
manufacture processing has a great influence on the produced @Malters et al.,

2009) It was also necasary to investigate theovel prostheses for their ability to retain
colour and theiability to resistcolour changgunder different weathering conditions.

The materials utilised by the -Printer are designed for industrial purposes and
not for medical prposegLam et al., 2002)and thereforehe biocompatibily of the

materials used is an important considerations.
3.2 The Aim

The aim of this project was to produseft tissuefacial prostheses by using 3D colour
printing, which has a patient matched skin shade and the desirable mechanical
propertiedor service

3.3 The Objectives

1- To investigatethe elastomer infiltration depth and methods to enhance the
infiltration depths of the siliconpolymerinfiltrates and thereby achieviee optimal

infiltration depth of the silicone polymers inside the printed parts.
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2

To assess the mechanical properties of the final material used.
3- To evaluate the effect of natural and artdlaveathering conditions on the product

4- To assesthe colour reproduction capability of the-RZrinter and colour stability of

the prostheses under natural and artificial weathering conditions.

5- To determine the capability of the colour printer tmpthehuman skin colour via
an investigation into human skin steof a wide range of ethnicity.

6- To provide a suitable attachment when an endosseous implant is the means of

retention.

7- To formulate a combination of materials that yields a biocompatible csitepeith

properties similar to that of traditional prostheses.
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4 Investigation into Elastomer
Infiltrati on Depth and Methods of
Enhancing Their Characteristics

56



4- Infiltration Depth effamaZardawi

4.1 Introduction

3D printing is a branch of rapid prototyping and a method of additive mantifectu

The use of 3D printing has added some additional advantages to the process of
prototyping by producing more accurate virtual 3D models, improving product quality,
reducing production time and reducing final product ¢Qstrrion, 1997, Dimitrov et

al., 2006a) 3D printingallows printing of consecutive layeisf various materialsone

after the other until a 3Btructure is completely builThe 3D printer prints by using

Ai n-printhitg 0 systems and acts to bind fine p
or data derived from the 3D design/CAD softwéherman, 2004, Chiu and Yu, 2008)

The chemical binder is acts anfinko to hold the powder together in cross
sections as each sd@tdata is sent to the printerh@ prnt er can al so use
for printing the 3D model, and then for the first time there is a technolog\ptimas
full colour prototypes(Ming and Gibson, 2009)The powder that is used llge Z-
Printer can be cornsteh/cellulose, plastenith a water based binder, and is dependent
on what is trying to be achieved and according to the requirement and quality of the
printed structure§Steinhilp and Kias, 2009)n this study cornstarch powder is used for
construction of facial soft tissues prostheses. This makes it possible for the printed
structure to be infiltrated with a maxillofacial elastomer in ordexctoieve skin texture
and softness(Gatto et al., 2011) Commonly plaster powderinfiltrated with
cyanoacrylate, is ugefor printing hard models. The highesincentration of the binder
is locatedat the outenost layers, to form an external shell in order to provide the
printed model with certain degree of strength and hardness, whereas the amount of the
binder inside ivery little leaving the starch powder almost unbound. Consequently, the
final product consists of areas/surfaces that are solid and composed of powder and
binder and the remaining areas within the internal volume of the solid model remain as
unbound powde This renders very fragile models that may crush easily under a slight
pressure at the time of tha&ixtraction from the printer.herefore, these models must be
infiltrated with a suitable polymer to achiewtructural integrity and provideither
strergth/or flexibility (Gatto et al., 2011)

In the majority of case8D objects printed usinthe ZCorp colour printeiare

satisfactory with a sufficient degree of infiltration of the surface layer to produce a
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reasonablyrobust item that can be handl¢dpcraft and Fletcher, 2003, McMains,
2005) However, in the case of flexible facial prostheses it is important that the printed
item is fully infiltrated with the flexible silicone elastomer (SEf this will ensure
optimum performance of the prosthe@@mitrov et al., 2006a)The elastomer acts as
the main binder for the printed powders and areas that are not infiltrated will be
exceedingly fragile, as the powder will readily disintegrate.

4.2 Aim

The aim of this part of the project was to establish the optimum conditions for

infiltration with a siliconepolymer (SP) into starch amdiasterproduced objects.

4.3 Materials

Table4-1 illustratesthe manufacturingspecificationf the materials used in tistudy,
which include the twgowdes utilised bythe Z-Corp (Z510Q 3D colour printer and the
different birders usedn the printing processThe tablealso presents the maxillofacial

siliconepolymers (MSPjhat were used as infiltrant

58



4- Infiltration Depth

eff@anaZardawi

Table 4-1: Materials used and their manufacture specifications

Material Name Type Components
Powder zp™15e Starch/cellulose| Starch Gum | Confectioners Cellulose Sorbitan Fatty
Z-Corp Powder 0-100% Sugar Fiber Acids 0-1%
5-30% 5-30%
zp®131 PlastelPowder | 50-95% Vinyl Polymer Sulphate Salt
Plaster 2-20% 0-5%
Binder zb™58 Liquid Glycerol Preservative Surfactant Pigment Water
Z-Corp 1-10% 0-2% < 1% <20% 85-95%
| zb%60 Clear Binder Humectant 1 | Humectant 2 Polymer Non Water
< 10% < 8% < 4% 85-95%
[ z2b%60 Yellow Binder Humecant1 | Humectant 2 Polymer Yellow Dye Water
< 10% < 8% < 4% < 10% 85-95%
[ zb%60 Cyan Binder Humectant 1 | Humectant 2 Polymer Dye Water
< 10% < 5% < 4% 5- 40% 65-95%
[ zb%60 Magenta Binder| Humectant 1 | Humectant 2 Polymer Dye Water
< 10% < 8% < 4% < 20% 65-95%
Maxillofac | Sil-25 Component A | Polydimethyl | Functional group | Additives Addition RTV
ial Silicone Basei 10 Siloxane CrossLinking crosslinking
Silicone polymer | Component B | Polydimethyl | Functional group | Additives Addition RTV
Polymer | Abacus | Catalyst- 1 Siloxane CrossLinking crosslinking
PROMA Component A | Polydimethyl | Platinumi Cure Additives Addition RTV
X-10- Basel Siloxane crosslinking
SLOW Component B | Polydimethyl | Platinumi Cure | Additives Addition RTV
Abacus Catalystl Siloxane crosslinking
Platinum | Component A | Polydimethyl | Platinumi Cure Additives Addition RTV&HTV
MATRIX | Basei 10 Siloxane crosslinking
M-3428 | Component A | Polydimethyl | Platinumi Cure Additives Addition RTV&HTV
Abacus Catalysti 1 Siloxane crosslinking

4.4 Methods

The experimento investigate the infiltration depthas divided in to three groups

4.4.1 Group 1 - Starch Cubes

Three sets of 20 x 20 x 20 mm, starch cubes were infiltrated wittbSihaxillofacial

silicone polymer MSP under different conditions.

4.4.1.1Group 17 Series 1 Infiltrations of starch cubes with Sil-25 under normal

The cubes were infiltrated with S5 under standard air pressure and at room

air pressure:

temperature.
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1) A set of 30 cubes measuring 20x20x20 mm were printed in starch, usingCbp Z
(Z510) 3D printer (Figure-4).

Figure 4-1: Z-Corp (Z510) 3D Printer.

2) Two part addition curing silicone (S85) maxillofacial translucent SP, ratio-{D)
was used as an infiltrate for the staccives.

3) Two-silicone parts were proportioned by weight toaacuracy of 0.1 gm by using a
digital balance- Navigator (Figure 42). One part weight of the accelerator was
mixed with 10 parts of the silicone base for one mimutarder to achieve a uiorm

consistency within the mix

Figure 4-2: Sensitive digital balance (Navigator)
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4) To prevent the most inferior aspects of the cubes touching the bottom of the container
they were suspended on a wire platform constructed out of 0.7 mm stainless steel
wire. This allowed a few millimetres of separation in order for silicone to be evenly
distributed under the cubes. Another wire frame was placed on the top of the cubes to
avoid them floating out of the SP.

5) The plastic container was then left at room tempeeatAfter 5 minutes one cube
was removed from the container and left on a glass slab to allow complete drainage
of the residual SP. After a further 5 minutes another cube was removed from the
container and left on the glass slab for full drainage. Thitirmeed until the last
cube was removed. This meant the cubes had been submerged in SP for the
following times: 5minutes, 10 minutes, 15 minutes, 20 minutes and 25 minutes. The
cubes were then left for 24 hours before the infiltration depths measurements.

6) After 24 hours the cubes were bisected into equal halves using No. 11 scalpel blade.
Any residual nornfiltrated starch powder was removed by using a lacron carver.
The internal aspect of the cube was then stained by using Cochineal dye to highlight
the silicone infiltration boundary and facilitated measurement taking, as seen in
Figure 43.

7) The bisected cubes were then orientated under a travelling microscope (Mitutoyo
TM) with X-Y coordinates as shown in Figuretdand Figure 4 and measurements
taken at three points on each face. This enabled 12 measurement points on any of the
two halves of the cube as shown in Figu& 4

8) This experiment was repeated on six sets of cubes, for each time period. A total of 30
cubes were used for each series.

Figure 4-3: Sectional blocks showing the staining du& the dye and identifying the
extent of silicone polymer infiltration.
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Figure 4-4: Travelling Microscope (Mitutoyo TM) .

Figure 4-6: Measurement's lines on a haltube
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4.4.1.2 Group 1 - Series 2 Infiltrations of starch cubes with Sil-25 under 2 bar

pressure

20x20x20 mm starch cubegereinfiltrated with Sik25 MSP under 2 baggressure and

room temperatureSimilarly another set of 30 starch cubes measuring 20x20x2@mm
dimensions were printed and usedthis series of experiments see section 4.4.1.1
However in this series the experimeinBltration wascarried out under 2 bar pressure,

by placing the cubes to a dental pressure bath in order to undertake riiigération
process under pressure at identical tiftesnin, 10 min, 15 min, 20 min arZb min)

(Fig. 47). The cubes were again removed and left on a glass slab for drainage of the
residual SP. Measurements of penetration depth were also carried outthede
travelling microscope after 24 hours.

Figure 4-7: Dental pressure bath

4.4.1.3Group 1 - Series 3 Infiltrations of starch cubes with Sil-25 under 3 bar

pressure

20x20x20 mm starch cubes infiltrated with-38 MSP under 3 bars pressure and room
temperature. The previousgiment was repeated at similar tin{fsamin, 10 min, 15
min, 20 min an®5 min) but the infiltration process was performed urdlear pressure

instead of 2 bar.
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4.4.2 Group 2 - Plaster Cubes

Identical experiments were repeated on another 2 sets of 30 cahssring 20x20x20
mm in dimensions. Howey these were printed plasterby the same prier. The same

translucent SP Sil-25 was used for infiltration.

4.4.2.1 Group 2 - Series I Infiltrations of plaster cubes with Sit25 under normal

air:

A set of 30plastercubes measuring 20x20x20 mmere infiltrated with SH25 MSP

under normal air pressurerf(5min,10 min, 15 min, 20 min ar@b min).
4.4.2.2 Group 2 - Series 2 Infiltrations of plaster cubes with Sit25 under 3 bar.

20x20x20 mnplastercubeswere infiltrated wih Sil-25 MSP, under 3 lar pressure and

identicaltimes.
4.4.3 Group 3 - Starch Cubesand Two Other SPs

In this group of experiments, two otfdSPwere used as infiltrant instead of-3b
MSP, the Promax0-Slow and Platinum Matrix M8428.

4.4.3.1 Group 3 - Series 1 Infiltrations with Promax -10-Slow at 3 bar pressure

A set of 30 starch cubes, measuring 20x20x20 mm in dimensions were infitrttea
two part addition curingnaxillofacial translucent SP (Prom&b0), ratio (:1). The
infiltration process was perfored under 3 bar pressure for the same durg&onin. 10

min. 15 min. 20 min and5 min).
4.4.3.2 Group 3 - Series 2 Infiltrations with Platinum -Matrix M -3428 at 3 bar

Infiltration of 30 starch cubes measuring 2x2x2 mm was performed under 3 bar pressure
by usingtwo part additive curing (Matrix M428)MSP, ratio (£10) at identicatimes.
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4.4.4 Statistical Analysis

The collected data were subjected to PASW statisticerh®loyingoneway ANOVA
on each group of data collected from each experiment in order to neakerttparison
betwesn the subgroup$ time intervals Furthermore, wo-way ANOVA T Tuk ey 6 s

HSD was performed between groups.
4.45 Silicone/Starch Ratio by Weight

The percentage of each component (the starch powder and the SP) was determined by
weight in the fhal models. 8 starch blocks (45mmx45mmx4mm) were printed by-the Z
Printer (Z510) and weighed by using sensitive digital balance (Mettler AJ100). Then,
the blocks were infiltrated with S#5 under 3 bars for 25 minutes and left for 24 hours.
Weight measuments were performed again for the infiltrated blocks to estimate the
percentage of each component (the starch powder and the SP) within fully infiltrated

blocks.
4.46 SEM Analysis

SEM (Scanning Electron Microscopy) was undertaken. Slides were prepared for 12
different samples of silicone polymer infiltrated starch (SPI®jnted blocks of starch
infiltrated with Sik25 and Promax10 in order to examine the quality of the infiltration

of the silicone inside the printed structures. In addition SEM analysipeveeemed for

a hand mixed composite of 40% starch powder incorporated into 6026 SIP by
weight. The two components were mixed until a homogenous mixture was achieved.
The mixture then poured into a 75x75x4 mm stainless steel mould, pressed ahd left a
room temperature for 24 hours. After complete set, the bladcut in thin slices with

a surgical blade and examined under the SEM.

45 Results
4.5.1 Infiltration Depth of Sil -25 Inside Starch andPlaster Cubes

The dye coloration in the nanfiltrated areasf the blocks clearly defined the areas

that were and were not infiltrated with the SP (Figw®).4Figure 48 illustrates the
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depth of infiltration of SH25 into the starch cubes under normal air pressure. It can be

seen that under normal air pressire $P was unable to infiltrate deep inside the starch

cubes. Ti

me al one didndédt show any

obvi

for starch cubes under gressure varied between 801 mm at 5 minutes to 1#D.1

mm at 25 minutesind for theplastercubes undeair pressure varied between €071

mm, at 5 minutes to 0£9.1 mm at 25 minutegrigure 49).
Table 42, shows the penetration depth and staddleviation of SiR5 into 20

mm starch cubes under air, 2 bar pressure and 3 bar prassalse,shows the data for

20 mm plastercubes under air and 3 bar pressure for different time period.

Table 4-2: Infiltration depth of Sil-25in mm under different pressures into 20 nm
starch and plaster cubes for different times.

Infiltration depth i n mm
Starch 5 min 10 min 15 min 20 min | 25 min
Air 0.9+0.1 1.2+0.1 1.240.1 1.3+0.1 1.4+0.1
2 Bar 2+0.1 2.8+0.2 3.3+0.2 3.840.2 3.94+0.2
3 Bar 3.9+0.2 5.4+0.2 6.4+0.5 7.7+0.3 8.7+0.5
Plaster 5 min 10 min 15 min 20 min | 25 min
Air 0.7+0.1 0.9+0.1 0.9+0.2 0.9+0.1 0.940.1
3 Bar 3.2+04 4.7+0.3 6.3+0.4 7.6+0.4 8.24+03
Sili-25- Starch- Air
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Figure 4-8: I nfiltration depth of Sil -25 in mm into starch cubes in air
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Figure 4-9: Infiltration depth of Sil -25 in mm into plaster cubes in ar.

In contrast, applying 2 arglbar pressure had greater influence on the infiltration
of SP inside the starch amdastercubes as shown in Table24 There was a
significant difference¢p<0.05 between the subgroufstime intervals, ancho
significant differencégp=0.26)was notced for the infiltration depths between 20
minute and 25 minute. Two bar pressure showed less influence on the infiltration

depth of SH25 inside the starch cubes than 3 bar pressure.

Sil-25 - Starch - 2 Bar
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Figure 4-10: Infiltration depth of Sil -25 in mm into starch cubes at 2 bar pressure

67



4- Infiltration Depth effamaZardawi

The infiltration depth of Sik5 inside the starch cubes under 2 bar pressure varied
between 20.1 mm at 5 minutes to 3#®.2 mm at 25 minutegFigure 410). Under 3
barpressure, the infiltration depth of &b varied between 3t9.2 mm at 5 minutes to
8.7+0.5mm at 25 minutegFigure 411). Statistically there was significant difference
(p<0.05) between all subgroupstime intervals Figure 4-12, illustrates the effect of
time and pressure on the infiltration depth ofZSl into the starch cubes. Applying
pressure had a significant effect on the degree of infiltration of the starch Resks.
ANOVA revealed asignificant differencg(p<0.05) in the infiltration depths between

the 3 group$ under air pressure, 2 bar and 3 bar.

Sil-25 - Starch - 3 Bar

10

. I

, : -
3 : L -
e 5 |
e
=] T |
2 i 3Bar

3 4 |

2

1

O _
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Figure 4-11: Infiltration depth of Sil -25 in mm into starch cubes at 3 bar pressure

Under ar pressure the depth of infiltration remained around 1mm and was not affected
by the length of time of the infiltration proceskhe infiltration of S#25 under 2 bar
pressure was higher than at normal air. Howewegplication of 3 bars pressure
increasd the depth of penetration significantly and after280minutes the depth of

pendration was of the order & mm.
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Comparison between Air, 2 Bar and 3 Bar
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Figure 4-12: Effect of time and pressure on the infiltration of Sil-25 into starch

Figure 413 reveals the infiltration rate of Sib into plastercubes under 3 bar pressure

for identical time schedules. Again this chart ittates the effect of pressure on the
infiltration depth of SH25 into the plaster cubes. Under normal air pressure, the
maximum penetration depth was less than 1 mm, while the penetration depth at 3 bar
pressure at 25 minutes was more than 8 mm-@ne ANOVA showed asignificant
difference(p<0.05) between all subgroups.

As with the starch cubes, Figurel4 shows a chart comparing the infiltration rate of
Sil-25 into plasterunder normal air pressure and 3 bar presse#gay analysis of
variancedemonstates that pressure significan{ly<0.05) improves infiltration rates of

Sil-25 into these cubes.
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Figure 4-13: Infiltration depth of Sil -25 into plaster cubes under 3 bar pressure

Comparison- Plaster Cube - Air & 3 Bar
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Figure 4-14: Comparison of infiltration of Sli -25 into plaster cubes under air and 3
bar pressure

In Figure 415, the infiltration depths of SR5 into starch angblastercubes at 3 bar
pressure are compared. From theéag it is clear that the infiltration into the starch and
plastercubes is similar (B mm) for 2025 minutes2-way analysis of variance showed
no significant differencép>0.05) in penetration depth of the SP between the starch

cubes angblastercubes.
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Starch & Plaster Cubes - 3 Bar
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Figure 4-15: Comparison of infiltration depth for starch and plaster for Sil-25 at 3

bar pressure

45.1.1 Infiltratio n of Promax-10 and M-3428 into starch cibes under 3 bar

Table 43 shows the results for group & finfiltration depth of Promaf0 and M3428

compared to SiP5 into Dx20x20 mm starch cubes under 3 bar pressure. Results

demonstrate a minimum infiltration of #@.2 mm at 5 minutes and a maximum of

2.4:0.3 mm at 25 minutes for Prom&0 (Figure 416). Statistically, the only

significant difference(p<0.05) was between 5 minuteend 25 minutes, whereas no

significant differencesvasrecorded between the other subgro(ws0.05) While M-

3428 shows a minimum infiltration of ®@.1 mm at 5 minutes and maximum of

7.5£0.3mm at 25 minutes (Figure 47). Oneway ANOVA i Post Hoc tests showed a

significant infiltration depth differences between all subgrqpg®.05). This illustrates

that there was no denotable increase in the penetration ddgttiaronax-10 underthe

same conditions as {3428 and Sik5.
When the infiltration depths of Promd% and M3428 into the starch cubes at 3

bar pressure are compared to-Zil (Figure 418) it can be seen that &b has

penetrated deepéhan Promak0 and M3428. A maximum of 8.7Tm is registered for

Sil-25 at 3 bar presse after 25 minutes against 2in and 7.5 mm for Promat0 and

M-3428 respectively undexi mi | ar

conditions.

sigmifieantT u k e y

difference (p<0.05) in the infiltration depth between the 3 Silicone polymers for the

scheduled times.
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Table 4-3: Infiltration depth of Promax -10, Sit25 and M-3428 in mm under 3 bar
pressure into 2 cm starch cubes for different time schedule

Infiltration depth i n mm
SP
Promax-10 | 1.9+02 2.1+03 | 2.1+01 | 2.240.2 | 2.4+03
M-3428 1.4+01 2.840.2 | 3.2+0.3| 6.6x0.2 | 7.5+0.3
Sil-25 3.9+02 5502 | 6.6#80.5| 7.7+0.3 | 8.7+0.5
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Figure 4-16: Infiltration of Promax -10 under 3 bar.
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Figure 4-17: Infiltration of M -3428 under 3 bar
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Promax-10,M-3428 & Sil-25 - 3 Bar
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Figure 4-18: Comparison of infiltration d epth betweenSil-25, M-3428 and

Promax-10 at 3 bar.

45.2 Silicone/Starch Ratio by Weght

Average weight and standard deviation of the starch blocks and the SPIS blwtks
percentage of each component within the fully infiltrated models are shown in Féble 4
and Figure 419. Sarch powder comprises about 40% of the total weight, wheheas

SP adds up to 60% of the fully infiltrated blocks

Table 4-4: Percentage of the starch powder ahthe silicone polymer in fully

infiltrated blocks .

Weight in gm & SD

% by weight

Starch Starch + Silicone P.

Starch

Silicone P.

3.5+0.04 8.50+0.07

41.5%

58.5%
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% of Starch and Silicone by weight

Figure 4-19: Percentages of starch an&Pin fully infiltrated blocks .

4.5.3 Scanning Electron Microscopy

The SEM results for the silicone infiltrated samples showed amorphousyysialline
shaped particles with an assated variation in particle sizes. These particles appeared
to be randomly orientated and showed a loosely packed arrangement with a small
amount of spacing in between. Figure0! and 421 demonstrate the shape and

arrangement of starch powder under S&W50 and x340 magnification.

Figure 4-20: SEM starch particles x50
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Figure 4-21: SEM starch particles x341.

SEM further indicates that there is a relatively disorganised distoitbwf starch
particles within the silicone infiltrate for two of the MSPs used in this study, as SEM
(x180)for Sil-25 and PromaA 0 infiltrated inside starch blocks under 3 bar showing in
Figure 422 and Figure 23.

" POOKY 30 180x SE 96 1 BMS Sheffield
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Figure 4-22. SEM for starch infiltrated Sil -25 (x180)
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Figure 4-23: SEM for starch infiltrated Promax10 (x189).

However, SEM for 40 wt% starch powder incorporated into 60 wt%258P by hand

mixing is shown in Figure-24 and kgure 425. This revealed a more homogeneous
and coherent distribution of the starch powder and the SP with fewer gaps and spaces in
between, higher magnification revealed narrow gaps or spaces around rtifie sta
particles as an indication for lack of integration between the starch particles and the SP
(Figure 425).

o

J v e 4 - _' A’- g ;" S, - 33 < — . ..’-
==Acc.Y SpotMagn Det WD Exp pb———————————{ 200 um
£ 200kv30 178x SE 99 2 BMS Sheffield

Figure 4-24: SEM for Sil-25 hand mixed with 40% starch byweight (x178).
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200kv30 707x SE 99 2 BMS Sheffield

Figure 4-25: SEM for Sil-25hand mixed samples lsowing spaces around the starch
particles (x707).

4.6 Discussion

The penetration of the infiltrant inside the printed models is determined bynand
pressure that the samples were subjected to and these were influenced by the degree of
viscosityof the polymers used as infiltrand theircuring rates. This view has been
supported previously(Gatto et al., 2011)hereforeahigher penetration rate could be
achieved withalow viscosity SP.

The infiltration depth of SiR5 SP insidehe two different cubes; the starch
cubes and thplastercubes werealuatedin order to explore ithetype of the powder
used for printingcould havehadany influence on th penetration depth. Moreovethe
infiltration depth of 3 different SPs; Sib, Promaxi0 and M3428 inside the starch
cubes were evaluated to explore if different infiltrants possessing different physical
properties havea different effect on the penetratiodepth. Furthermore, different
pressures and different time frames were applied to assess the penetration depth of Sil
25 SP inside the starch cubes. The objective was to explore if the infiltration depth can
be influenced by different conditions includinype of the powdeand infiltrantused
andtime and pressure

The data obtained clearly show that the usarobientair pressure has no real
influence on thgenetration of SPs into starohplasterprinted cubes. That is probably
due to the relativelyigh viscosity of the SPs used and the higher concentration of the
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likely hood that thebinder at the external surfaces of the printed blocks acted as a
barrier to the flow of the SP inside the blocks. It was therefore concluded that an
increase in pressel was required to try and improve the rate of infiltratibhe data
obtained clearly show that the use of pressure has a very positive influence on the depth
of penetration of the SPagain this is supported by previous rep@Quail et al., 2009)

It can also be seen that time alone was unable to help the SP infiltrate deep inside the
starch anglastercubes. Furthermore, the results showed that the infiltratiorn ehest

not affected by type of the powder used for printing the cubes, since no significant
differences in the infiltration parameters were shown between the starch cubes and the
plastercubes. ltwasalso been observed that printing with starch productersand

more flexible parts feéer their infiltration with SP andhus appear to benore suitable

for producing soft tissue prostheses. Therefore, group 3 experiments; ptbraag M

3428 were evaluated for their infiltration depths on starch cubes only.

Data showed that pressure has a significanact on the penetration depth.
When the infiltration processasperformed at 2 and 3 bar pressuthe penetration of
the SP increased considerablowever, the penetration depth of the SP under 2 bar
pressue was less than at 3 bar pressure. This indicates that higher infiltration depth can
be achieved by increasing the pressure appette the items printed can be infiltrated
from all sides this would suggest that the maximum depth of infiltratioa foosthesis
will be 16 mm. Therefore deng as the prosthesis is not more than 16 mm thick full
penetration with SiP5 and Matrix M3428 SPs can be achieved. It calso be
reasonably argued that a depth of penetration of 15 mm will be adequate for most
applications for this project.

When comparing the penetration depth under pressure betweh, Satrix
M-3428 and Promag0 into the starch cubes, the data showed significantly higher
effectiveness of SiE5 and M3428 in penetrating the cubes when coraddo Promax
10. These differences can be attributed to the setting time and viscosity of the different
maxillofacial SPs. Proma%0 has a quicker setting time and therefore gets more viscous
after a shorter period of time after mixing both silicone comepds. In other words,
Promax10 has a shorter working time than-38 and M3428 to permit penetration of
the SPinside the printed structure3he infiltration process slows down when the

viscosity starts to increase as part of the normal settingoeacti
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Although we determined in group 2 of these experiments that we could achieve a
maximum infiltration depth of 8 mm, we did not understand how
consistent/homogeneous this infiltration was. The SEM analysis was undertaken to
answer this specific questioMacroscopically the samplesok fully infiltrated and
smooth. Howevemnder SEM the infiltrated blocks show evidence of porosity that look
like patches or small spaces within a confluent albeit textured base (Fig22esl 4

23). This may be relatetb the viscosity of the silicone polymer used and/or wettability
factors @ the individual constituentsSilicone polymes generally hava low surface

free energy and aneery hydrophobigWaters et al., 1999yhilst starch is hydrophilic.

The pesence of unfilled patchgmtentially occursvhen airis trapped at the central

part of the cube after the SP starts penetrateénside from all aspects under the effect

of pressure. These factors may explain the reduced homogeneity and coherence between
the SP and the starch partickes shown in Figure-25. Thismagnified (707x) image

for mixed starch particles and SP shows gaps around each particle, which indicates a
lack of interaction and coherence between the starch particles and the SP even when the
two components were mixeatlequatelffor one minute. This phenomenon is attributed

to the hydophobic nature of the SBayasekara et al., 2004nd this will influence the
general properties of the final product. Figut€4 shows a more homogeneous
distribution of the starch powder inside the SP with fewer voids shown after hand
mixing of both components compared to starch infiltrated silicone samtpse22

and Figure €3). This is probably caused becausepheted samples are sealed from
outside by the binder, which acts as barrier for infiltration of the SP inside the printed
blocks.

An additional point to considan our experiencés thatthe infiltration depth
appears to be relatively dependent on thiengetime of the SP. Therefore, although the
preferred SR Sil-25, may allow for maximum infiltration (increased setting time) it
may compromise the homogeneity of the test sample/prosthesis and thus the mechanical
properties. In contrast, reducing thettiogg time will reduce infiltration depth and
compromise the test samples/prosthesis as a whole. We feel the former is preferable
especially when investigations assessing the two SPs under SEM revealed very little
difference in terms of homogeneity. Thesdemonstrated in Figure22 and Figure 4
23. Therefore, SH25 was selected rather than Prorifixand Matrix M3428 as an
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infiltrant for the mechanical properties samples and colour samples. In theengghs

when we refer to silicone polymer (SP)tthaeans SiP5.

4.7 Conclusions

1- Pressure has a sifjcant impact on infiltration depth of th&licone polymers
The depth of penetration of b and Matrix M3428 into starch under 3 bar
pressure is sufficient for prostheses thatugtel5 mm thick.

2- Two bar pressure is less effective than 3 bar for infiltration of the starch models.

3- Promax10 is considered a poor infiltrate, because it has a quick setting time and
poor penetration rate.

4- SEM revealed the presence of porosity and lack of integration bettheen
starch particles and the silicone polymers within the infiltrated areas of the
printed blocks, whereas samples prepared by hand mixing of starch particle into

the SP revealed fewer voids.
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5 The Mechanical Properties of the
3D Printed Silicone Polymer
Infiltrated Starch Models
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5.1 Introduction

Any facial prosthesis is an artificial appliance used to comdacial deformity it is
used as a temporary or a permanent Sub s
psychological wellbeing ansbciallife and improves his or her sekteem by restoring
aesthetical and functional demarftaug et al., 1999b)

Reproducing the patientsd6 morphol ogy
challengejt requires highly skilled maxillofacial techniciguin order to achieve patient
satisfaction with the prosthesis. Althougiptimal aesthetis aret he p arMainent s
concern whemsing facial soft tissue prostheses, the short service kfisezonsidered
one of t he cpmplintefalowing delve(Chang et al., 2005Periodic
replacement of these prostheses requagsintensivefabrication schedule, which
burders both the patient and technicianterm oftime and convenience. In order to
achieve optimal aesthetitlse prostheses must be fabricated from highly characterised
materials that possess suitable mechanical properties to resist chemical and physical
deteioration(Mancuso et al., 2009¢, Mancuso et al., 2009b)

After delivery, the prostheses lose elasticity and become egpecially at the
peripheries. This usually manifests itself as early marginal tearingwiatjodaily
removal of the prosthesis aag@plication and removal of a wheal adhesive. Therefore
improvedmechanical properties are required to achi@weore comfortable and more
durable prostheses thzdnresist degradation in mechanical and opticapprties of the
prosthese§Farah et al., 187).

Although most of the maxillofacial SPs used now do not fulfill the ideal
properties, they have shownechanical properties and material biocompatibility that
keep them in service for sufficient time.

High tear strengit and low hardnessare essentialfactors for functional
maxillofacial SP(Chalian and Phillips, 1974 ensile strength indicates overall strength
characteristic of the prosthegM/aters et al., 1997)while high tear strength secures
the marginal integrity and durability of the prosthesis in practical service, especially for
adresive retained prosthes@&ziz et al., 2003) Hardness contributes to the flexibility

and softness of the final prosthegeswis and Castleberry, 1980)hereas ercentage
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elongation is a feature of the overall flexibility of the prostheses and defines their

resistance to tear during maintenance.

The printed starch models produced by th€&p printer are solid but fragile;
they are robst enough to be manipulaténit must be handled carefully prior to
infiltration. Theinfiltrated silicone rubber provides them with strength and elasticity.

The mechanical properties and the final product are influenced by three factors;

1) Type, amount, size and configuration bkftfiller particles within printed models;
starch powder is used by-Rrinter (Z510) to act as a structural framework for the
prostheses.

2) Type of the binders and the colorants used to hold the starch particles together and
adding colour to the printetiodels. The binder not only provides the printed models
with colour, it also acts as the glue for holding the starch particles together during the
printing process. The printer is supplied with four different water based binders, the
clear, yellow, cyan rad the magenta, which feed the inkjet with different coloured
binders according to colour information received by the printer at the time of
printing.

3) Type and the characteristics of the infiltrant used to infédtthe printed models. In
this instance maxillofacial SPs are used for infiltration of the printed facial

prostheses.
52 Aim

The aim of this part of the project was @waluatethe mechanical properties of the
starch printed models infiltrated with maxillofatsiliconepolymer, and compare them

to the existingnaxillofacialmaterials used.

5.3 Materials and Methods

5.3.1 Silicone Infiltrated Starch Specimens

Test specimens were designed using SolidWorks 2008 software and then printed by the
Z-Corp printer. The tesgpecimens were printed in starch alldwed a 24 hours post
pri nt i n gthei mfitratéd wahrnSd25 maxillofacial SP under 3 bar pressure for

25 minin order to achieve total infiltrationThe specimens were left for 24 hours in
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order to achieve amplete set before performing the mechanical te$te test
specimens were designed according to industry standards and set out to evaluate key

mechanical properties.
5.3.1.1 Test designs and reasurements

1- Tensile strength

Ten dumbbell shaped specimens weneduced for testing tensile strength and
percentage of elongation accordance with ASTND412/ISO(ASTM-D412, 1981)

(Figure 51).

Figure 5-1: Dumbbell-shaped specimens ASTMD412/1SO34

-#

Figure 5-2: Tensil tester used for testing eénsile strength.
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Tensile strength testing was conducted using a Lloyd LRX tensile instrument; load
rating 100 N at a constaatosshead speed of 25 mm/nifigure 52). The tensile

strength was calculated using the following equation:
ljf =F/A

Where:{ = tensile strengtMPa), F = force at failure (N),

A = original crosssectional area (mfh

2- Tear strength:

Ten test specimens, in accordance with ASTM DB82AS034 (trouser legl)ASTM-
D624, 1981)for testing tear strength, were fabricated for this test (FigeBg $ear
strength was conducted using a Lloyd tensile tester (Figd)eafd calculated by the
following equation:

T=F/D

Where: T is tear strength (N/mm), F is the force required to break the specimen (N),
D is thickness of the specimen (mm).

Figure 5-3: Trouser-shaped specimens ASTMD624-07/1SO34
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N

Figure 5-4: Tensile tester used fotesting tear strength

3- Percentage ®ngation:

Elongation prior to failure was performed at the time of measuring tensile strength.

Ultimate elongation was calculated usihg equations below:

% Elongation =100x(L-L)/Lo.

Where:L represents extension at brebkrepresents the original length.

4- Hardness

Test specimens, in accordance with ASTM D185IS0O48 (solid blocks) for testing
Shore A Durometer hardness, w@reduced. Four specimens were fabricated for this
purpose (Figure-5) and the hardness test carried out using a Shore Scale Durometer,
Hardness Tester (England) (Figure6) with 6 mm measurement course, 6 mm

distance between the measurements and kg&pmm away from the border.
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Figure 5-5: Hardness Test Specimens ASTMD141506/ISO48

Shore Scale Durometer
Hardness Tester

et oot

Figure 5-6: Shore Scale Durometer Hardness Tester (England)

5.3.2 Silicone/Control Specimens

In order to provide a comparison, control specimens were made from pure SP. The
samples used as controls were manufactured to the exact dimensions as the test samples.
They were prepared from pure SP {3 using custom made stkess steel moulds

(Figure 57). These were designed and manufactured according to ASTM specifications
and were made specifically for this project. Specimengeiasile strength, elongation,

tear strength and hardness were fabricated by miki@egwo 2components of the SP,
Sil-25(10:1) for one minuté as per the manufactudsrinstructions. The mix was then
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poured into the stainless steel mould, pressed and left under pressure at room tempreture
for 24 hours (Figure-8).

Figure 5-7: Stainless geel moulds designed aceding to ASTM specification for
production of tensile, ear, hardness and percentagelengation test.

Figure 5-8: SPT Sil-25 specimens for tensile, tear, hardness and elongation testing

88



5- Mechanical Properties Faraedon Zardawi

5.3.3 Statistical Analysis

The entire resultant dataawcollected and subjected to PASW statistics 18 in order to
make the comparison between the test group (S&t&)the control group per(SP).

Independent sample T test was emplofgedhe analysis

54 Results
54.1 Tensile Strength and Tear &ength

Following testing the SPIS specimens demonstrated a lower tensile strength and tear
strength than the pure SP test samples. The average tersilgtistfor SP specimens

was 35+0.3 MPa, while the average value of tensile strength for the SPIS samples was
1.2¢0.2 MPa Similarly tear srength was decreased from 12125 N/mm for the SP
specimens tdB.5t1.1 N/mm for the SPIS printed samplefrable 51). However, it

could be seen that the percentage reduction in tear strength was demonstrably less when
compared to the reduction in tensile strength, 64 % and 30 % respectivelylald
described in Figures-8 and 510 for tensile strength and tear stgém respectively and
according to the statistical analythe differencesveresignificant(p<0.05).

Table 5-1: Average and standard deviation véues of the printed and control

samples
Sample | Tensile Strength | Tear Strength Hardness Elongation
MPa N/mm Shore A %
Control 3.5+0.3 12.2+15 30.9+0.7 511 £57.5
Printed 1.2+0.2 85+1.1 62.8+ 2.8 244 + 36.1
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Figure 5-9: Tensile strengh for SP& SPIS specimens
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Figure 5-10: Tear strength for SP& SPIS specimens

5.4.2 PercentageElongation:

The SP control specimens demonstrated a 511% elongation prior to fracture, while the
SPIS printed sgcimens demonstrated a lower percentage elongation of 244% (Fable 5
1 and Figure 81). Thae was a significant differende<0.05) in the daa for Pure SP

and SPIS samples.
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Figure 5-11: Percentageelongation for SP& SPIS specimens

5.4.3 Hardness Test:

Shore (Durometer) hardness A for-38 was 30.20.7 and this is shown in Tableh
However, the hardness of the Silicone polymer infiltrated starch (SPIS) test specimens
was more than double that demongtdaby the pure SP test specime®.8:2.8. The

datais illustratedin Figure 512, andaccording to the statistical analysike difference

wassignificant(p<0.05).

Hardness-Shore A

Control - 5P Printed - SPIS
Sample

Figure 5-12 Hardness test Shore A for SP& SPIS sp@oens
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5.5 Discussion

The method of assessment that has been adopted was to assess a rangeie$ propert
according to ASTM standard3heseproperties are:ehsile, strength, tearrshgth,
hardness and percentage of elongation. In d@frmeasuremenof these properties,
there wereno technical problemselating tothe methodology applied sia ASTM
standards were followedHowever it could be argued thtéttere wassome reservation
about the elongation percentagealuation as this waseasured from the extension of

the tensile machine at the time of measuring tensile strength rather athan
extensometer, which may not presaffilly accurate measurement of extension. During
the meaurement some of the materials may pull out of the grips and this may lead to
disproportion degree of extension and not the true extension.

In terms of selection of the propertieseasured, this studgimed to follow
previous researchers and reports thate been performed and seemed to be the
properties that have been measured: these would providechaoakcterisation of the
materials evaluated andhow these properties would be compared with the
measuremest undertaken by othaesearchegPolyzois et al., 2000, Li et al., 2007,
Eleni et al., 2009a, Hatamleh and Watts, 2010c)

Variation in the mechanical data between the sanmgdesbeattributed to the
weight or volume ratio of silicone (infiltrate) to starchIgii). In this project the starch
provides a scaffold for the SP thiat used when making prosthesésevitably the
presence of a filler material is going to affect the properties of the samples produced.
However, these changes may be irrelevaot mayevenbe an advantage. As detailed,
the presence of a filler tended to increase the hardness of the samples whilst reduce the
tensile and tear strength.

As shown in a previous chaptesection 4.5.2.the percentage of starch powder
by weight in a fully iriltrated block is about 40% of the total weight, and the infiltrant
constituted 60% of the total weigh this series of experiments it is acknowledged that
the amount of starch added is significardpproximately 40 %. This is the proportion
used by ZCorp printer to produce the printed 3D models. Although the density can be
adjusted this amount of starch is the minimum that can be produmey less and the
model becomes too fragile. However, this does allow for the maximum proportion of

silicone tobe added.

92



5- Mechanical Properties Faraedon Zardawi

SEM also showed lack of coherence between the starch particles and the silicone
polymer, the two components have different behaviour toward each other. The SP is
extremely hydrophobic with very low surface energy, while starch is extremely
hydraphilic. The SEM picturesdemonstratedextures filled with gaps and spaces
around the starch particles which indicates lack of integration between the starch
partickes and the SP, in other wattte starchwithin the samples can be consider as a
potential paceinside the silicone rubber. Thus, it was expected that thiddiower
the values of the mechanical data especially tear strength, tensilgtrstramd
elongation of the test printed (SPI&mples compared to control (SP) samples. It was
also expead that there would be an increase in the Shore A hardness as 40% of the
total weight replaced by starch.

These characteristics may, in part, be dictated by the material used. We know the
SPs are not dideal o, but astudywe bhsed SPassah av
infiltrant because it is the material always used pooducing soft tissue facial
prostheses, moreovere considered it a control group for comparison purposes despite
not being the ideal material, and thereby the material we wsgdtave characteristics
are potentially more favourablehe mechanical properties of the printed samples could
be perfectly adequate in some respects better when compared to traditional SP.

Furthermore, the differences in the mechanical propentielsl e explained by
starch powder comprising approximately half of volume within the sample with the
quantity of silicone infiltrate reduced when compared to the control samples. In order to
explain these results the SEM experiments have provided somveransalthough not
alli seesection 45.3

In these investigations hardness test values increased and the samples had lost
some flexibility in the SPIprinted) when compared to pure SP (control group).
However, hardnesdtself is not the only determitian criteria for thefiover al | ¢
toughnessof the printed parts; the desigran alsoinfluence the flexibility of the
prostheses. In this project wélised CAD/CAM principles to design and manufactur
soft tissue facial prostheses.nlike the handmade pstheses, CAD allowshe
production ofshell prostheses which are lighter and more flexible than those produced
by hand(Ciocca et al., 2010Due to technical limitationghe maxillofacial technician
arenot always able to produce shell prostheses. Therefore, despite the higher values of

Shore A hardness for the SPIS samples compared to the pure SP samples, the prostheses
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produced by applying CAD/CAM technologygn bemore flexible than the handmade
SPprostheses.

Tear strength values for the printed samples reduced iafigration with SP
about 30%. Howevethis is not a critical problem since the 3D printed prostheses in
this project were designed to biltrated with silicone rubbewhich would extend to
the peripheries to achieve feathered edged prosthesi order to blend the margin of
the prosthesis with the patiénmatural skin tissues. Teausually starat the flange
which is finished with pure sidbne rubber and the prosthesis is going to tear there
during cleaning and removal of the adhesive from the margin. There®ngitla a
traditional prosthesis &ear will start in the silicone rubbeit the periphery andot in
the starchtself. It may wedl becomean issue when thieathered edgkastorn through
the silicone into the starchutit could be argued thaty that stagéhe proshesis should
be replacedanyway. Hence, the reduction in tear strength is not a critical point
especially with impnt retained prosthesev@nno adhsive is required for retention.

The drawback in tensile strength and percentage of elongation values will not be a
critical problem if the patient looked after his/her prosthesis properiywoiild be
dependenbn how the patient follows the instructions of maintenance and how to take
care of the prosthesis in orderdptimise service life. Indeed the patient may not have
to stretch the prosthesis for maintenance purposes and during péa@rderemoval

As a matter ofact very high tear strength is not required for facial soft tissue prostheses
unless the patient manipulates the prosthesis harshly.

In this study the results of the mechanical tests performed on tensile strength,
tear strength, the percentage of elorayataind hardness for the printed samples were
found to be significantly diérent from the control samples. Thdsesnot necessarily
mears that the new material would be worse or better. Indeed r eal | 'y doné¢
because it is yet not clear what thyaimal properties are for making facial ptheses.

The ideal properties havaot been standardised yet in terms of the mechanical
properties.

On the bas of the information obtained from the mechanical data, there is
nothing to suggest that these prostheséso ul d n o6t | aegistinghasdmhde ng a
silicone prosthesesFurthermore, thefeel and handing characteristic the new
material appear as good as if not betterttasexisting silicone rubber prostheses.

Although it is acknowledged that thisassubjective evaluation.
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5.6 Conclusion:

1- The mechanical properties of the SPIS specimens are different to those made of
pure SP.
2- There is an increase in Shore A hardness, but a decrease in tensile strength, tear

strength and percentage of elongatio
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6 Effect of Weathering Conditions

on the Mechanical Properties of

Silicone Polymerinfiltrated Starch
Samplée

2 part of this work on mechanical durability of SP prostheses has been presented as a poster at the
BDOSR 2011, Sheffield 1 15" Septembei Appendix A- The Abstract.
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6.1 Introduction

Facial prostheses need to be replamed regular basas a result of degradatiar the
physical properties of the SP¢Haug et al., 1999b, Takamata et al., 1988ginly
resulting intearing of the feathered edges and colour fade of the prost{desesand
Schaaf, 1978, Hooper et al., 2005) generalit can be expected that the prosthesis
needs to be replacexvery 612 months(Jebreil, 1980, Chen et al., 1981, Haug et al.,
1999b) althougha range from 3 tdl4 months service lifdhas beensuggested by
(Polyzois et al., 2011, Hooper et al., 2005, Lemon et al., 1296nately te life span

of the facial prostheses is dependent on the inherent properties of the material used and
behavioural factors of the patients usihg prosthesgstathi et al., 2010)

Deterioration of the delivered prosthesis starts immediately after it has been
made and fitted, and will affect both the colour and overall integrity of the prosthesis
(Goldberg et al., 1978, Beumer, 199%he aegree of success or failure of this type of
treatment is dependent on the ability of the prostheses to resist alteratibe in t
mechanical and optical properties under natural weathering cond{t@rag) et al.,

1978) Factors affecting the prosthesis are Wadiation from sunlight and other
weathering conditions including temperaturgisture and hand contact during removal

and cleanindChen et al., 1981, Hanson et al., 1983)rthermore, the use of adhesives

for retention can also lead to chasgecolour and stiffness dhe prosthesi With time

the prosthesis loses its elastic properties and becomes rigid. This can become a
significant problem at the margin of the prosthesis as it can lead to lack of adaptation to
the surrounding tissues and tearing.

Many articles have discussed the of$eaccelerated weathering and weathering
chambers to simulate normal life weathering conditions and to assess the overall
deterioration of materialSweeney et al., 1972, Gary et al., 2001, ¥ainuay et al.,

2002. Accelerated weathering is used to simulate the long term effect of outdoor
natural weathering conditions by utilizing the most aggressive components of
weathering- ultraviolet radiation, moisture and heat. The two widely used accelerated
weathering tsters are the QSun and QUV. Bch producedlight, temperature, ral
moisture in different waysThe major difference is the type of light used by both

machines, €5un utilizes xenon lightwhich is similar to sunlight205nm - 800nm),
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while QUV uses the mostarmful part of sunlight which is UV light with a spectrum of
electromagnetic wavelength from 300 90 Nnm(QUV&Q-Sun, 2012)

6.2 Aim

The aim of this part of the project was to test the effect of natural and accelerated
weathering conditions on the mechanical properties3Df printed starch samples

infiltrated with a maxillofacial silicone polymer.

6.3 Materials and Methods
6.3.1 Part 1: Exposure to Natural Weathering Conditions

6.3.1.1 Test design and measurements:

The test specimens were designed according to industry standaddtaies before
(Chapter 5), and set out to evaluate key mechanical propertitdee dBPIS (Si25)
under different natural weathering conditions. These conditions included day light room
ambiance and a darkom ambianceand the outdoor weather conditiclosexpse the
samplesto natural weatheringTest groups included pure SP and SPIS specimens.
Types and the total number of samples used in this study are demonstrated inTrable 6
A total of 72 samples were used in this stdye set produced from printedrstaand
infiltrated SP, and the sec®hd. set were
Two sets of 15 dumbbe#lhaped and 15 trouskrgs samples 5 for each
subgroup for testing tensile strength, tear strength and another 2 seiw dfaédness

SP and SPIS saples, 2 samples were allocated for teggtBhore A durometer for each

group
6.3.1.2 Group 1 - Outdoors weathering group:

Specimens were exposed to natural weathering and UV light from sunlight; these
specimens were placed a plastic containein the garden fod4 months during July,
August, September and October 2011.

]Power analysis test was perfor med twaeamntés$tiesuks t he
are attached to Appendix F.
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Table 6-1: Types and number of samples (SP & SPIS) used for each test group

Samples Dark Indoor Outdoor No. of
Group Group Group Samples
Number of samples- (SP)
Dumbbell-shaped 5 5 5 15
Trouser-legs 5 5 5 15
Hardness 2 2 2 6
Number of samples- (SPIS)

Dumbbell-shaped 5 5 5 15
Trouser 5 5 5 15
Hardness 2 2 2 6
Total 24 24 24 72

6.3.1.3 Group2-Indoor s o6windowd weathering group

Specimensvere left onawindow ledge in order to be exposi@ samples to sun light

atdaytime and ambient room temperature and humidity for 4 months.
6.314 Group3-Ti me passing 6darkd group

Samples were stored in a sealed glass container in complete darknessnat roo
temperature and humidity for 4 moni#olyzois et al., 2011)

Results were compared to a previ-ously
48 hours after complete setting was achieved.

6.3.2 Statistical Analysis

Statistical analysis was performed for the resultant data by using PSAW statistics 18,
one way analysis of variance ANOVA was employed in order to ncakeparisos
between the control groups and each test group for the SP and the SPI&mispdoim
determine the effect of different natural weathercmnditions on the mechanical

properties othe SP and SPIS specimens used in this study.
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6.3.3 Part 2: Exposure to Artificial Weathering Conditions

6.3.3.1 Test design and measurements

The method used forgéng the effect of UV light and weathering on the mechanical
properties of the printed specimens (SPIS) and pure SP specimetts exaosehem
to accelerated gathering conditions for and 6 weeks. AQ-Sun Xenon test chamber
(Xe-1-BC1/SC)was used an@d window dass filter was added in order to produce a
spectrum in the critical short wave UV region (295 n400 nm), (Figure 4). Test
samples were exposed to cycles of UV light and moisture -&05CC, as shown in
Table 62.

At the end of the experime tensile strength, tear strength, Shore A durometer
hardness test and percentage elongation were measured and the results were compared

to that of the control group. The experiment was divided into 2 main groups.

Figure 6-1: Q-Sun Xe-1 Xenon test chamber
http://www.glab.com/erus/products/egsunxenonarctestchambers/esunxe-1
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Table 6-2: The 24 hour cyclicexposurein Q-Sun test chamber

Accelerated Weathering hrs per day

uv 6

UV + Water
uv

UV + Water
Dark
uv

UV + Water

~Nolo|MwiN k| £

NINOINININ

6.3.3.2 Group 1 - Silicone polymer specimens

Group 1 - Series 1: Samples exposed to artificial weathering for 2 weeks

Ten dumbbelled shaped and 10 trousdraped samples were produced according
ASTM-D412/ISO 037(ASTM-D412, 1981)and ASTM D62407/ISO34 (trouser leg)
(ASTM-D624, 1981Yespectively from pure SP (£2b) for testing tensile strength, tear
strength and percentage of elongation. Furthermore, 4 hardness test specimens ASTM
D141506 1SO48 (solid blocks) for testing Shore A Durometer hardness were produced.
Specimens were iested into the €5un weathering chamber and at the end of 2 weeks

the specimens were removed from the simulatorgtagidmechanical propertigéssted.
Group 1 - Series2: Samples exposed to artificial weathering for 6 weeks

Ten dumbbelled shapedlO trousershapedand 4 hardnesSil-25 pure SP specimens
exposed to UV Light and weathering conditions for 6 weeks. Test specimens were

inserted into the €sun weathering machine, and at the end of the 6 weeks specimens
were removed and the mechanical prtps were tested.
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6.3.3.3 Group 2 - Silicone polymer infiltrated starch (SPIS) specimens

Group 2 - Series I Samples exposed to @ficial weathering for 2 weeks

Dumbbeltshaped, trouseshaped and hardness test specimens were printed as
documented beforandinfiltrated with Sik25 maxillofacial SP to investigate the effect

of UV light and weathering conditions on the mechanical properties of the printed test
s amp | e s24gp&cimens @were produced and inserted into Hs@for two weeks

then, the mdranicaltests were measured

Group 2 - Series 2 Samples exposed to aificial weathering for 6 weeks

The starch printed dumbbedhaped, trouseshaped and hardness specimens and
infiltrated -2rbadx i SR owerce al s &d i deks atcelesated t h e
weathering conditions inside the-8un weathering chamber. After 6 weeks time the
samples were removed and their mechanical properties were measured.

Data was analysed by one way analysis of variance (ANOVA), post ho@1e8185).

6.4 ResuUts
6.4.1 Part 1 - Exposure to Natural Weathering Conditions

Table 63 presents the data (average and standard deviation) for the mechanical
properties obtained from specimens tested under different natural weathering
conditions: samples left in complete darknldent conditions samples left on the
window ledge and samples exposed to outdoor natural weathering conditions for 4
months. The table also shows a comparison with the control data that has been obtained

24 to 48 hours after complete setting of the speas.
6.4.1.1 Tensile drength:

There was a slighbut demonstrableeduction in tensile strength for the pure SP
samples under natural weathering conditionmgared to the controfi S Présults.
Average énsile strendt for the dark group, the indogroup and tle outdoomgroupwas

3.1 MPa 3.0MPaand 2.9MParespectively against 38Pafor the control groupln
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contrasthe average values of the printed samples P lsi®weda minimal increase in
tensile strength for the daland the outdoor sampleshilst the indoor sampleswere
not affected when compared to the control resiiémnsile strength values of tpented
samples left in dark, indosrand outdoors were 1.B1Pa 1.2 MPa and 1.4MPa
respectively against 1Pafor the control group (Figure-B).

Following statistical analysishere was a significant difference between the
control group and the three test groups for SP san{pk8.05) but no significant
differences between the three test groyps0.05). Furthermore, onsignificant
differences for BIS samples were detected between the control gaodpsamples
(p>0.05) or the 3 test group&>0.05). The only significant difference in this group was
between thendoorsamples and the aldor samples for SPIS test grops0.029).

Table 6-3: Mechanical behaviour of SP ad SPISspecimens unér natural
weathering conditions

Test Sample Control Natural Weathering conditions

Dark Indoor Outdoor

TensileMPA Silicone 3.5+0.3 3.1+0.2 3.0+0.1 2.9:0.1

Printed 1.2+0.2 1.3+0.2 1.20.2 1.40.1

Tear-N/mm Silicone 12.2+1.5 6.9+1.2 7.4£1.5 8+0.8

Printed 8.5:1.1 8.6t1 10.5:2.2 8.3:0.9

Hardness Shore | Silicone 30.9+0.7 31.%15 31.7+0,5 30,8:0.7
A Printed 62.8+2.8 45.3t5.2 55.1+2.7 37.7A3.8
Elongation-% Silicone 511+457.5 474+37.9 487+59.6 437+22.6
Printed 244+36.1 309+60.0 179.4+14.9| 281+53.5

6.4.1.2 Tear srength:

There was a considerable reduction in the tear strength values of the pure SP samples

for the dark group, themdoorand the ouwtoor specimens 6.9 N/mni.4 N/mm and 8.0
N/mm respectively against 12.2 N/nmoantrol group. The values of tear strength for the
printed samples for the dark group, thdoorand the outdoogroupswere 8.6 N/mm,
10.5 N/mm and 8.3 N/mm respectively against BlUnm for the contol group.

Interestingly there appear to balaght increase in tear strength of the dark samples and
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the window samples (Figured. Statistical analysis showedsggnificant differences
between the control group for the SP samples and the otherdbteample§p<0.05).
Statistically, SPIS samples demonstrated a significant irer@atear strength of the
indoor samples compared to the control samples and the outdoor sgp3ded5) but
no significant differencgp>0.05)was observed between thentrol values and the two

other test groups.

Tensile Strength

MPa

H 5P

M SPIS

Control Dark Indoor Outdoor

Sample

Figure 6-2: Tensile strength for SP & SPIS pecimens before & after natural

weathering.
Tear Strength
16
14
12 T
£ 10 +
£ 3 T
Z ESP
b6
M SPIS
a
2
O .
Control Dark Indoor Qutdoor
Sample

Figure 6-3: Tear strength for SP & SPIS pecimensbefore & after natural
weathering.
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6.4.1.3 Percentage ngation:

The percentage elongation was slightly reduced for all groups of the pspe&mens,

the dark, the indooaind the outdoor, 474%, 487% and 437% respectively stgairl %

for the control group.n contrast tlere was anncreased peentage elongation ithe
printed dark and outdoor sample3he percentage of elongation for the dark, the
window and the outdoor samples were 309%, 179% and 281% respectively against
244% bpr the control group (Figure-4).

Statigically there was no significant differerecbetween the control group and
the testgroups for SP samples, between the test samples in the same g(puf.05).
Percentage elongation for SPIS netad nonrsignificant differencegp>0.05) between
the contol values and the dark samplédowever, when compared the outdoor
sampleghere was a&ignificant differencgp<0.05) between the control and tivedoor
samples. Results also showed a significant difference betweemndther samples and
the dark samps(p<0.05) and between thimdoorand outdoor sampl€p<0.05).

Percentage Elongation

600

500 -

400

=® 300 +
M SP

200 HSPIS

100 ~

Control Dark Indoor Outdoor

Sample

Figure 6-4: Elongation for SP & SPISspecimens before & after natural
weathering.

6.4.1.4 Hardness

Data showed a change Shore Ahardneswvalues for all SP groups exposed to natural
weathering, the average sbdA for the dark, indograndoutdoorspecimensvere 3.9,

31.7. 30.8respectively against 30.9 for the control group. A considerable reduction in
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Shore A values wsarecordd for the printed specimenglark,indoor andoutdoor 45.3,
55.1,and 37.7respectively against 62.8 Shore A valoe the control group (Figure-6

5). Sgnificant differencegp<0.05)were observed statistically between the control data
and the ést data for both SBnd SPIS samples, the only mrsignificant difference
wereobserved between the control group of SPIS samplenaiodr sampleqp=0.17)
andin the hardneslketweerthe dark and the window samples for SP gr(p#®.96).

Hardness

80

M SP

M SPIS

control dark Indoor Outdoor

Sample

Figure 6-5: Hardness for SP & SPIS specimens before &after natural weathering.

6.4.2 Part 2- Exposure to Artificial Weathering Conditions

Table 64, illustrates the tensile strength, the tear strength, the hardness and the
percentagelongation values for each test group, the pure SP and the SPIS samples for
2 weeks and 6 weeks exposure to accelerated weathering conditions. Results are

compared to the control data of theweathered samples.
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Table 6-4: Mechanical behaviour of SP & ®IS specmens before & after 2 &6
weeks exposure to artificial weathering

Test Sample | Before weathering 2 Weeks 6 Weeks
(control) Weathering weathering
Tensile Strength | Silicone 3.5+£0.3 2.9104 2.9+0.2
MPa Printed 1.2+0.2 1.1+0.2 0.9+0.1
Tear Strength Silicone 12.2+1.5 10.7x1.6 6.4+1.5
N/mm Printed 8.5¢1.1 8.1+0.8 7.5%£1.6
Hardness Silicone 30.9+0.7 32.3+0.8 34.4+1.9
Shore A Printed 62.8+2.7 58.1+2.2 290.1+4.7
Elongation Silicone 511+57.5 479+32.7 468152.2
% Printed 244+36.1 204+55.6 158+30.6

6.4.2.1 Tensile strength,tear strength and percentageslongation:

Average values of tensile strengtbar strength and percentaglengation for the pure

SP specimens before and after weathering are shown in Tdbl8d&fore wedtering

they were 3.5 Wa, 12.2N/mm and 31% respectively as against Pa, 10.7 N/mm

and 479% respectivelyftar 2 weeks weathering and 2.9 MPa, BlAnm and 468%
respectively after 6 weeks exposure to UV Light and weathering conditions. The
average values of tensile, tedreagth and percentage elongation for SPASh@es
before exposure were 1.2 MPa, &&imm and 24% respectively as against 181
N/mm and 204% respectively aftevo weeks weathering, and 0.9 MPa, R//nm and
158% respectively after 6 weeks weatherifggures 66, 6-7 and 68).

A significant overall differencép<0.05) was detected by ANOVA for tensile
strength for both the SP and the SPIS test data after weathering when compared to the
control data. No significant differencgp>0.05) in tensile stength were recorded
between 2 weeks and 6 weeks exposure for both SP and SPIS samples. Also the tear
strength for SP groups showed significant differenge®.05) between thegroups,
whereas SPIS showed s@nificant differencegp>0.05) between the teégyroups and
the control group. Statistically SP percemtagongation results showed significant
differences(p>0.05) between the test samples and the control samples, but SPIS data
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showed a significant differend@<0.05) between the control data atite test data (2
weeks and 6 weeks).

6.4.2.2 Hardness test

The test results for SPIS samples showed a slight reductiomdndss from an average

of 62.8 indentation shore A hardness for the SPIS tesipsss before weathering to
58.1Shore A after 2 weeks, dra significant reduction to 29 4dfter 6 weeks exposure

to UV light and weathering conditions. In contrast the SP samples demonstrated a slight
increase in the indentation Shore A value after weathering and exposure to UV light.
Their Shore A values wef@09 before wethering, this increased to 32aBter 2 weeks

and 34.4after 6 weeks exposure toeathering (Figure 8). A significant overall
difference (p<0.05) was detected by ANOVA between the samples for both SP and
SPSI samples for 2 and 6 weeks esqpe to accelerated weathering compared to the

control groups.

Tensile Strength

M control

1.5 - H 2 Week

1 - M6 Week

SP SPIS

Sample

Figure 6-6: Tensile strength for SP & SPIS specimas before and dter 2 & 6 weeks
weathering.
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Tear Strength
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Figure 6-7: Tear strength for SP & SPIS sampes before and after 2 &6 weeks
weathering.
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Figure 6-8: Percentage elongatiorfor SP and SPIS samles bebre and after 2&6
weeksweathering.
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Hardness

M control

Shore A

M 2 Week

M 6 Week

SP SPIS
Sample

Figure 6-9: Hardness test for SP & SPIS specimes before and after 2 & 6 weeks
weathering.

6.5 Discussion

Natural outdoor weathering and artificial acceletatgeathering tests are usually
undertakento assess the durability of maxillofacial f@cmaterials. These methods
involve exposing the samples to different factors that induce chemical, physdatal an
mechanical degradation suchld light, humidity and émperature.

The outdoor weathering exposes the samples to natural weathering conditions
but it is an urcontrolled subjectivemethod of testing. There is no control over the
amount of eachafctor causing the deterioratiamhich include, geographic locatn,
season, weathering condition, time of day and length of exp{Siem et al., 2009a)

The accelerated weathering condition is a controlled methtesting the effect
of the most deteriorating factors on the SP and they do condensethsspiroa shorter
time frame. Howevert does exposthe samples to extreme and aggressive weathering
condition. It is still not clear how effectively the aitibl weathering processmulates
the natural process andmay well present an incorrect estimation about service life of
the materials used for fabrication of these prosth@degwell et al., 2003)The use of
accderated weathering to replicataitdoor weathering was brought into question by

different results preseedl by two different studies. In 1994 Dootz et al reported no
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difference in the hardness and percentage elongation of Sila&2itMbefore and after
exposure to accelerated weatheripgotz et al., 1994while Haug et al (1999) showed
a significant differences in the percentagdongation and hardness of the same
maxillofacial silicone before and after exposure to accelerated weatliliang et al.,
1999a)

It has been suggested that 1000 hoofrsexposure to UV light and other
weathering conditions by using accelerated weathering chansberpiivalent to one
year of natural outdoors exposyi&olf et al., 1999, Philip et al., 2004yhus one hour
exposure to artificial weathering corresponds &76 hours of natural weathering
conditions. Therefore, the 2 weeks time frame exposure to accelerated weathering that
has been applied in this study should be equivalent to 4 months of natural weathering
conditions. Furthermore, 6 weeks exposure tdicei weathering would represent
longer time period correspondent to one year natural weathering; hence it was expected
to find much bigger changes in the mechanical properties of the specimens.

In this project both methods of weathering have been apgiigdit should be
noted that neither of them represénie clinical use and the way tharostheses are
being used by the patiexin fi r difad It can only be seen as an indication of the kind
of problems that may arise. In real life there are issfidsand contact, applyingnd
removing the prosthesdspdily secretionsind of course the use of make up or adhesive
to help disguise and retain the prostheSigthermore, the patient does not spend all the
time outdoors to be exposed to the full peradchatural weathering used in this study.
Polyzois (1999) suggested 4 months exposure to natural outdoors weathering is
probably equivalent to-82 months actual clinical service time; yet a patient with facial
prosthesis is unlikely to stay outdoors 3 hours a day. A maximum ofX hours
daily outdoor time by the patient might expected, thus the time frame in this study could
be equivalent to 812 months clinical service life of the prosthe@®lyzois, 1999
Nevertheless, it is not possible to apply the real life experimeais @arly stage of the
project asheclinical component of thproject is 8l developing

The specimens were exposed to three different methods of natural weathering
conditions, he dark, thendoorand the outdogmwhich showed different effects on the
mechanical properties of the SPIS used for producing soft tissue faostheses.
Exposure of the SPI® different natural weathering condits for 4 months showed

no significant effect on tensile strength and tear strength of the test specimens compared
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with the control specimens, wherdghagre was a significant increase in the tear strength
of theindoor specimens. In cdrast, statistically thpure SPcontrol samples showed
significant difference in tensile strength and tear strength with the 3 test methods, the
dark, theindoor and the outdoor group. Furthermore, statistical analysis of percentage
el ongation didnét show any signipaledtant ¢
the test data of the outdoor and the dark samples. Data shovigtitaeduction in
percentageelongation for thendoor samples. On the other hand, statistical analysis
showed a significant reduction in Shore A hardness values for all tessgroup

In this study the effect of accelerated weathering was also tested on SP and SPIS
specimens for2weeland 6 weeks. T8&8end@efvorcet @asteidn @
accelerated weathering exposes the samples to extreme and aggressive weathering
condiions. The results demonstrated a considerable reduction in the mechanical
properties of the pure SP and the SPIS specimens.

Following exposure to accelerated weathering for 2 westhtistical analysis of
the results showed a significant reduction in itenstrength of the printed samples,
consequently the percentage of elongation was also reduced, and this is shown in Table
6-4. The 2 weeks exposure induced a significant effect on the teagtt of the pure
SP but nasignificant effect on the tear strgth for the SPIS samples.

Six weeks exposure induced more reduction in the mechanical properties of the
SPIS values compared to SP group. The effect of weathering on SP samples-was non
significant on tensile strength and the percentage elongatiomsgecivhen compared
to the tear strength and hardness valudsch demonstrated sigitant changes
statistically. Additionally there was a&ignificant reduction in tensile strength,
percentage of elongation and hardness values for SPIS samples afteisGewsedure
to UV light and weathering conditions and this is shown in &&4. One notable
feature waghe significant reduction of the Shore durometer A values for the printed
samples after 6 weeks exposure to accelerated weathering, which was @atspaaed
by a considerable reduction in their percentage elongation. This shows the consequence
of harsh and extreme nature of artificial weathering conditions and the length of time
used for testing. Furthemme, the SPIS is a compos#adstarch constittes 40% of the
whole component by weighas detailed in section 4.5.thevitably starchis a soft
hydrophilic materi al and the accelerated

ability to resist deterioration under these extreme artificial weatheonditions.
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The results indicate that exposure to 2 weeks and 6 weeks accelerated weathering had a
more severe effect on both SP and SPIS. In theory the 2 weeks weathering should be
equivalent to four month natural weathering but when the results werpaced with

each other, the two weeks weathering were found to show a much more severe effect
than the 4 months natural weathering conditions. Thus 2 weeks of accelerated
weathering may be more representative to a year of natural weathering condit®ns. Th

6 weeks exposure to accelerated weathering was found not to be comparable to the
results of natural weathering in this study and may well be representative of many years
of clinical use.

The mechanical data obtained from the SP samples under artifezdheving
condition are comparable with other reports that evaluated clear and coloured
maxillofacial silicore polymers under accelerated agemechanisma (Andres et al.,

1992, Dootz et al., 1994, Eleni et al., 280Bleni et al., 2009bHowever, it contradicts

the results achieved byu et al (1981), who evaluated 4 types of silicone, polyvinyl
chloride and polyurethane polymers for their physical properties. They tested hardness,
percentage of elongation andnaf&rength, before and after exposure to-800 hours
weathering. They concluded that the 4 types of silicone polymers reported no changes
in physical properties on acceleratedeing and they attributed this important
characteristic to the inert inorganibackbone of the molecular chain. The high
percentage of silicone elongation was attributed to the nature of fillers and
configurations of crosslinkages. In contrast the polyurethane showed complete
deterioration and failed entirely after 600 hours ofings(Yu et al., 1980)Moreover

the results of natural weathegirconditions of theSP samples is also found to be
consistent with the results Bfeni et al, 2009(Eleni et al., 2009a)

Although there are inherenlifferences in these values for each group before
weathering the SPIS appear to be able to resist extreme weathering osnaélband
as a result of thighe SPIS ould potentiallybe used to replace facial defects without
going through significant detioration during the service life of the prostheses
Therefore, it would appear that this method of producing the prostheses has no
demonstrable detrimental effect on the mechanical properties when compared to the
materi al already u sitiglacknawkdyged that3he dnechahkicalw e v «

properties are different when compared to pure silicone and extended period of
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exposure to extreme weathering conditions does adversely affect the samples tested
O0SPI S6.

According to the mechanical data obtainedrfrinese studies, there is some loss
in properties but its hard to judge how that wible reflectedn the day to daglinical
use of these prostheses. The results obtained suggest that the SPIS formulation is
adequate for the purpose when compared toa®Re and the prostheses will last
between 6 12 months, thereby one can overcome the degradation process by making
multiple prostheses and when the prostheses are used as irgptanemerst for
patients withdefectsduringany postoperativehealing peod, it is onlyrequiredto last
for a shorter time and it would be perfectly adequate.

6.6 Conclusion:

1- The silicone polymer prosthessBowed very little degradation imoth the natural
and the accelerated weathering conditions

2- For the printed prdbeses there wawo significant effectfor the natural weathering
conditions, while accelerated weathericgnditionsshowed a significant effect on

some mechanical properties of the printed samples.
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7 Retention of Soft Tissue Prostheses
Using Magrets'

* Acknowledgment This work was performed in collaboration with Neil Frewer AB (HONA at
Fripp Design and Research Ltd.
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7.1 Introduction

Surgical treatment of maxillofacial cancean resulin extensive loss of soft and hard
tissues and frequently leaves the patients with facial disfiguration, living in isolation and
despair. When surgical correctioof the resultant defectgannot be performed
surgicallydue to technicgbatientlimitations, the alternative treatment involves making

a prosthesis with a secure means of retention. One of the common problems with soft
tissue facial prostheses relates to the retention and thigtygtaf the prosthesis during
service(Goiato et al., 2007, Goiato et al., 200Pyostheseare provided with suitable
means of retention according to type, size and site ofdpkacement parand it is
important that the retention method is strong, easy to use and simple enough to be built
into the prosthesis.

Today maxillofacial prostheses are retained either by using medical adhesives or
endosseous implantsr a combination of both. Despite the limitatiorss@ciated with
the application of medical adhesive it is often used as an alternative method of retention
to endosseous implants when there are techisiggicalproblems with using implants
or because of economic considerations.

The new 3D designed andmted prostheses can be retained by both endosseous
implants and adhesives. The adhesive can be applifte margins of the prosthesis
since the starch shell is encapsulated in the maxillofacial elastomer; in other words, the
adhesive is applied to thalicone elastomer rather than the starch as is the case with
conventional soft tissue prostheses.

Endosseous i mplants are small met al
around the defective area in order to hold the prosthesis in place. Theyusedheith
two different retention systems: the magnet type and theclipatype. Each is
incorporated into the prosthesis through a different attachment dg$agamleh and
Watts, 2010a)A barclip allows retention at the bar site but #fere does not provide
maximum integrity of the margins with the surrounding s@iiazen et al., 1999)
whereas magnets can achieve tbt e r mar gi nal adaptation

especially with large facial prostheg@arel etal., 1986)
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Since the 3D soft tissue facial prosthesis is designed by CAD, a suitable retention
design for the prosthesis can be provided according to the requirements of the individual
patient. This includes adding a number of sockets to the inpectasf the prosthesis to
holdmagnesi n t he exact position of the corre
face.

The creation of the magnet fixture has to start at the stage of 3D imaging of the
patient. A magnet fixture boss, the form of a tubeis attachment to either the implant
head or magnet (if already-situ) i this is required as image captured of the implant
head is not accurate enough to translate its position on fitting surface of the prosthesis in
the design process. This daie to sie and reflection constraints associated with the
implant, the production of the bossquires perfect alignmentith the implant of the
patient The procedure can be summarised as follows:

1) A plastic cylinderdesigned for usevith a stock magnet insei$ clicked onto the
implant during the 3D photogrammetry process (Figwh.7The magnet pole is
utilised at this stage in order to locate the exact position and orientation of each

implant stud (Figure-2).

Figure 7-1: The magnet and the plastic Pole

Figure 7-2: 3D image with the magnet poles in place
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2) The 3D image is then imported to the 3Matic software for processinge lcese of a
missing nose, this includes importing the scan data from the 3D camera and
matching the missing pawtith a stock library partwhich is suitable for the patient
(Figure #3). In the case of a missing ear or other parts of the face it isbimssi
capture a nmror image of the contralaterglart of the patienthat has not suffered

any deformity/intervention

Figure 7-3: The stock library nose with the magnet pole in place

3)The next phase is to blend the | ibrary
that the prosthetic looks realistic. It is important that the stockritpart is blended
into the patierds facein order toproduce a good peripheral fit at the margins of the

prosthesigFigure 74).

Figure7-4: Bl ending the | ibrary part into the
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4) Thelibrary part is adapted to the model and manipulated until a good fit is achieved.
Thismay i nvolve moving the part i n all t h
with manipulation of the margins to blend into the patients existing skin. Then
several déailed processes are applied using 3Matic to achieve the final positioning of
the magnet 6 s s o c k/étting surfaceof thé grosthesisi(EBigured s p e ¢
5).

Figure 7-5: Fitting the final position of the library part .

5) A suitable mechanical retention for the magnet is incorporatedhe final design
during the generation of the magnet boss (Figeég 7

Figure 7-6: The inner surface of the prostheses with the magnet bosses
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Therefore, the aim of this part of the project was to present suitable retention designs for
the implant retained prosthesis and test the potential retengtrods in order to assess

the feasibility of securing the prosthesis to the underlying skin.

7.2 Materials and Methods
7.2.1 Boss Designs

Four boss designs provided with different mechanical means of retention were applied
in this test in order to adopt the moappropriate retention boss design for the

prosthesis.

Boss design 1

Bossdesign 1 is a simple tapered design provided with an internal shelf in order to

secure the resin and the magnet (Figuir@.7

Figure 7-7: Boss design 1

Boss design 2:

Boss design 2 is also a tapered cylinder but provided with an additional groove around

the magnet in order to allow the resin to anchor itself to the boss (Fi@)re 7
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Figure 7-8: Boss design 2

Boss design 3:

Boss design 3 is a straight sided cylinder with a similar internal feature to the boss

..
;

Figure 7-9: Boss design 3

design 2 (Figure-B).

Boss design 4

As with designs 1 and 2, the boss design 4 is also tapered; however, it has a greater

number of indented grooves in order to provide additional retention (FigLOg 7

-

Figure 7-10: Boss design 4
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7.2.2 Preparation of the Specimens

7.2.2.1 Preparation of stock magnet samples

Self/cold cure acrylic resin was used to bond the magnet to the boss as this is a standard
and commonly used approadthe magnetvasattached to the acrylic @chanically via

a retentive groove around the magreetd the acrylic part including the magmveas
retained inside the magnet boss by mechanical methods of retention as shown in Figure
7-11. However,as there is no chemical adhesion between the acryBrand the
silicone elastomer; retentiomas principally mechanical in the form of undercuts added

to the internal part of thenagnet bossn order to provide secure retentiafh the
prosthesis by the magnetigure 712 illustrates a cross section of tdesign of the
magnet boss filled with acrylic resin. It also shows the position of the magnet and the

implant stud centred on the upper part of the magnet boss.

Figure 7-11: The magnet fixed by pink acrylic into the magnet boss
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Skin

Resin Fill Level

Magnet

Boss . 7 Resin

Figure 7-12: cross sectional illustration of the magnet boss and the magnet
retained by self cured acrylic

Two stock implants from TechnovehtMaxi Magnabutment, 5.1 mm diameter and 2.1

mm height were used and provided with acrylic grips for positioning on the Lloyd
instrument. Retention force was measured and repeated 5 times fat@acmagnet;

then the average force value was calculated and used as a control force at break (Figure
7-13).

Figure 7-13: Grips added to the stock implant and the magnet
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7.2.2.2 Preparation of the magnet boss specimens:

Four designs with different undercut details were creéSsttion 7.2.1.X0 provide

anchor points when the resin was satd a suitable grip was added to each design
(Figures 714 and 715). Three eést specimens for the 4 different magnet boss models
were printed bythe Z-Printer from starch and infiltrated with SP according to the
standard infiltration protocol. Each bosaswvprinted and assessed for its strength. The
magnet was represented as a static steel pin which was bonded to each boss design
using the self/cold cure acrylic resin (figurel@). Retention force was measured using

a Lloyd LRX tensile instrument; with BOON load cell at a constant speed of Smm.

Then retention force for implambagnet was compared to that of magnets

M\
v

\

Figure 7-14: Grip added to the magnet boss

Figure 7-15: Four test designs with grips attached from both sides
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Figure 7-16: A steel pn with grips inserted insidethe acrylic resin when fill the
boss

7.2.3 Data Analysis

Statistical analysis was performed for the resultant data using PSAW statistics 18,
whilst one way variance statistical analysis (ANOVA) was employed in order to
compare the amount of force at tkdaetween the four boss designs. lkdependent
sanples test-testwas employed to determine the level of significance between the

forcesrequired to separate the magnet from the boss and the magnet from the implant.
7.3 Results

The average separating forces of the stock implants were 7.9+0.4 N and M™N8+0.1
(Table #1), whereas the average forces for the four boss designs at failure were
22.#4.9 N, 276£5.4 N, 22.1+1.4 N and 21.3+6N for boss models 1, 2, 3 and 4
respectively (Table -2). The data in Figure-17, showed no significant differences
(p>0.05) between the four test models. The force required to dislodge the 4 magnet
bosseswas significantly hgher (p<0.05) in fact some3 times higher than the force

required for separating the magnets from the implants (Figai8y.7
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Table 7-1: Load (N) at failure for the 2 stock implants

Table 7-2: Load (N) at failure for the 4 magnet boss models

Model 1 | Model 2 | Model 3 Model
25.1 23.4 21.1 20.7
26.0 33.7 21.6 15.0
17.1 25.8 23.7 28.3

22.7+4.9| 27.6£5.4| 22.1+1.4| 21.3%+6.7

Load (IN) at failure - 4 designs
35

30

25

T
I T
20
15
10
5
0

Model 1 Model 2 Model 3 Maodel 4

designs

Load N

Figure 7-17: L oad at failure for the 4 magnet boss model
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Failure Load at implants & boss models

Mog1 [ Mag2 | [ Mod1 | Mod2 | mods |
]

Figure 7-18. Comparison of load at failure between the 4 magnet boss modedsd
the stock implants

7.4 Discussion

To date magnets are considered the most efficient means of retefdrofecial
prostheses and avoid some the limitation associated witradhesiveqParel et al.,
2001) Implant retained facial prostheses have better durabilityan increased service
life, since no adhesiveeedsto be adde to the prosthesis, no solvemtierequired for
adhesive removal and no excessive pressirexertedon the thin margins of the
prosthesis. Fulermore, retention provided lmagnes is considered more secure than
that provided by adhesigeand thus prstheses retained withagnes achievegreater
patient acceptance and satisfacij@hang et al.2005)

In order to ensurenagnes areretained in the prosthesis when it is removed, the
magnetmustfit into a suitableretentivecomponentpart made from acrylic resirhis
can beachievedby processing the silicone polymer onto the acrylic paring the
production process Retention between the acrylic and the maxillofacial silicone
polymer is achieved mechanically by creatinguanber of smalholes with al.57 2.0
mm round bur in the acrylic or by usirgmedical adhesive or combination of both
(McKinstry, 1995, Branemark and de Oliveira, 1997, Chang et al., 2006, Chung et al.,
2003)
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In this project, development cdn appropriate retention system for the magnetic
prosthess design isa key to medahg the general requirements of a functional prosthesis
and providing an accurate method of attachment between the magnet and theigrosthes
Therefore a number of magnet bosse®re added to the design in order to hold the
magnet in exabt the sameposition aw orientationasthat of the implant stydand self

cure acrylic was used to retain the magnet inside the magnet boss.

Magnet designgan vary inshape, length, diameter and retention fofClee
diametes of themagnets used to retain facial prostheseyg fram 4.4 mmto 5.5 mm
with retention forceranging between 3.8N and 11.5 N (Figure 7#19). However,
magnes$ of largerdiameter (9.4 mm)with a much higher attraction forcare also
available and used occasionally according to the technical requienoénthe
individual patientTechnovent, 2012)The stock magnet used in this study Wwasmm
in diameter andhada separating force of 7.5 N as it is the commonly used endosseous
implant in the maxillofacial region to provide retention to the nasal, auricular and ey
prostheses.

The four designsvereevaluated and all showedtention of the magnet boss at
approximately 3 times théorce required to separate the magnets. Thus the magnets
should separate before the magnet boss is dislodged from the prosinesig) the
four designs used there was no significant difference in the quality of retention. The
retention force wam the region of 22 Nthe force required to dislodge the magnet was

7.5N. Thereforethe logical solutiorwasto use the simplest of the fodesigrs.

7-19: Different shapes and sizes of agnet(Technovent, 2012)
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Resllts demonstrated safety margirof x3; however although a satisfactory margin in
these cases tHarger magnets could stithcur problens as any further increase in the
size of the magnet produces a proportional increase in separating load. Hence, the
greater diameter ahe larger magnets will cause the force to incre@bkerefore, the
recommendation is that magnets larger tharseusedin this projectshould not be
useddueto the potentiaproblemof the magnet boss img pulled outof the prosthss
prior to separation of the magnets

Retention could be improved furthby using an appropriate adhesive between
the acrylic and the silicone polymer. For exampikcone adhesiveareused to prevent
silicone impression matermlfrom separating fra the tray and indeed this maybe a

solution. However His requires further investigation.

7.5 Conclusion

1- All the test designs are capable of retainenmagnetof up to 5.1 mmwithin the
magnet boss without risk of displacement during placement andved¢ of the
prosthesis.

2- It is recommended that the simplest magnet boss design®r 2 is used as a

standard retention pattern.
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8 Skin colour measurement®

® Acknowledgment This work was performed in collaboration with Dr. KaidaXi PhD in colour
imagingi Research FellowUniversity of Sheffield.

® part of this work on skin colour measurement has been published in Chinese Optics lAattgust 10,
2012, Appendix B The Abstract.
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8.1 Introduction

Colour is the visual perceptuptopertyto the reflected light from an objewithin the

range of the visible lightpectrum(400-700 nm) that can be dmtted by a human eye

and it isdirectly related to the reflectivproperty of a material. Recently the optical
properties of the skin have been attracting much attention; todaylaen of scientific,
medical and industrial disciplines such as medical imadibgZOM), computer
graphics, cosmetics, and display industries are showing great interest in skin colour. In
the field of medicine, skin colour has attracted particui@restin relation to diagnosis

of skin lesions, micravascular surgery or plastic surgery and soft tissue prostheses that
restorethe function and appearance mwiissing biologic structures of maxillofacial,
craniofacial and head and hecegions as a result afancer,birth deformities and
trauma(Paravina et al., 2009)

In order to measurebjectivelythe skin colour appearance and evaluate skin
colour differerces, CIE Colorimetry has been widely used for specifying skin colours
into CIELAB uniform colour spaceThe L*a*b* is described as the verticdl*) axis
which represent lightness, ranging frori@ and two other horizontal axis valyes)
and(b*). Eachhas an fAaxi so (id ot+a) am iib) to &).dviere f r o m
specifically, (i @) represents green aitla) represents red, whilgb+) is represented by
yellow and (b-) is represented by blue, as is shown in Figwe @unter, 1948,
Honiball, 2010)

Figure 8-1: L*a*b* colour model .
http://www.termseekinc.com/rasonversion/lakcolor-model.html
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Several factors affect human skin colour; these include thickness of the keratin layer,
amount of blood supplyerfusing the skinand dgree of melanin pigmentation.
Moreover, genetic and geographic factcas alsglay an important role in skin colour
variations among various ethnic groyg$iong et al., 2003, Ito and Wakamatsu, 2003,
Walters andRoberts, 2008)Skin shades also vary according to the part of the body,
these variations may lead to colour mismatching sfiegery including micrevascular
reconstructior(Feldman, 1990, Shaw and Ahn, 1998) many cases although a defect
may be surgically reconstructed @esirable(aesthetici shape and coloumesult may

not be ahieved due to site differences of the transplanted tiSsueomplicatematters
further &in colouris not staticg it can alsobe affectedoy exposure tademperature,
exercise and sunlight. The lats&uses tanning of the exposed skin, leading it tdbéxh

adarker colour than neaxposed partg€lablonski and Chaplin, 201 igure 82).

Figure 8-2: A suntanned arm showing colour differences between thexposed
parts, which are browner than the covered parts
http://en.wikipedia.org/wiki/File:Skin_tanning.JPG

Skin colour measurements have seldom been conducted among individual ethnic groups
(Over et al., 1998, Han et al., 2006, Coward et al., 2008, Xiao et al., 20dZpme of
these were performed only for limited purposes. To date, no comprehensive global
database for skin colour among the main ethnic groupsagable. Generation of a
global skin shade guide requires comprehensive measurement of skin colour to be
conducted among groups of peopleniralifferent ethnic baclgrounds and different
geographic locations around the world.

The complete colour range a@h can be achieved under a specific viewing
condition is referred to as the colour gamut. The skin colour gamut represents the

complete range of colour appearance for a defined group of people, which provides
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clear information about the range and disthifuiof skin colour values across the entire

colour spacéStone et al., 1988)

82 Aim

The aim of this part of the project was to collect skin colour data from a wide range of
people from different thnic backgrounds by using spectrophotometein order to
generate a comprehensive skin colour databas&lentify their colourgamutand to
analyse factors thamight affect the skin colowr appearancelhese would then be used

to determine if there @are limitations within the data capture or manufacturing process

when producing prostheses within the Awh

8.3 Materials and Methods

1) Ethical approval was obtained from the Research Ethics CommitBadool of
Clinical Dentigry - University of Sheffield for measuring skin colours among a
group of volunteers. An information sheet that included all information and details
about the colour measurement procedure and a consent form to be signed by the
volunteer were produced.

2) A Minolta CM-2600d spectrophotometer using SpectraMagic 8lour Data
Softwarewas employed to measure the skin colour in CIELAB tristimulus values
with a 2 degree standard observer. The illumimatsset to the CIE standard D65 to
simulate skin colouiin daylight conditions. During the measurement, a viewing
geometry of d/gdiffuse illumination, 8degree viewing)was used with thepecular
component includednd the aperture size was set to 3mm.

3) Skin colour measuremewmasconducted for each subjga a total of nine body areas
i forehead, tip of nose, cheek, earlobe, chin, back of hand, palm, owamioand
inner forearm (Figure -8). L*a*b* colour values wererecorded for each
measurement. Each subject also provided furtifermation relatig to age, gender

and ethnicity

" A Copy of ethical approval is attached tgpapdix C

133



8- Skin ColourMeasurement Faraedon Zardawi

4) A Skin Colour Database was established and based upon 3933 (437 subjects x 9 body
areas) items of skigolour data in terms of CIELABristimulus values. Based on
these data, skin colour appearance was analysed usin@dzaycChinese and
Middle Eastern skin colour data and the skin colour gamut for each ethnic group and
the entire sample was determined.

5) One way analysis of variance ANOVA was conducted that examined the statistical
differences of each colour attributé the L*a*b* value between the three ethnic
groups. While independergamples TTest was conducted to analyze the differences
of the three colour attributes (L*, a* and b*) between male and female for each

ethnic group separately.

Figure 8-3: Body position for skin measurements

8.4 Results

Information on the volateers is detailed in Table18 To date 437 volunteers 275
male and 162 female&overing five different ethnic groupparticipated in this study.
The colour measurements were conducted inUe Chinaand Iraq. Thevolunteers
included university staff and students, but the majority of the participants were students
agedfrom 20-40 years.

Table 82 presents the average and standard deviation*fa*Land b* values
for Caucasians, linese and Middle Eastern skin tendn general, the results
demonstrate a clear trend that Chinese Bhddle Eastern skis are significantly
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(p<0.05 darker than Caucasian shade, while there was no significantediétes
(p>0.05)in the L* valuesbetween Middle Eastern and Chinese shade.

Table 8-1: Numbers of volunteers and their ethnic groups

Gender Caucasian | Chinese| M. East | Asian African
Male 43 137 72 4 1

Female 33 65 74 2 1
Total 73 202 146 6 2

Chinese and Middle Eastern Skiwere also found to besignificantly (p<0.05) more
yellow when compared with Caucasian skifFigure 84). Caucasian shades
demonstrateda higher L* value and lower b*alue than Chieseand Iragi shades
(Table 8-2). However, in the case of individuals, the skin colours of these three ethnic
groups might not be easily distinguishable. Furthermore, skin colour variations were
predicted for each ethnic group and compared to other ethnipgyritwas found that
Caucasians have the largest variation in skin tones, whereas the Chinese have the least
skin colour variation

From Table &, it can be seen that, in general, Caucasians have the lightest skin
- highest L* values whereas Iraqis havéhe darkest skin- Lowest L* values
Furthermore, Caucasian skin appears to be more reddish and this is presented in Table
8-2 as tle highest a* value, whilst th@west b* value was recorded for Caucasians
when compared to Chinese and Iragi shades.

Table 8-2: Average and SD of L*a*b* colour Value for the ethnic groups

Ethnic Group Total L*a*b* Value
L* a* b*
Caucasian 60.3+2.1 11.8+3.9 13.9+1.2
Chinese 58.6+2 10.1+2 15.3+£1.3
Middle East 56.4+2.8 10.2+2.3 15.8+0.9

Figure 85 presentghe average L*a*b* values andamdard deviation for males and

females and Tables® 84 and 85 detail the L*a*b* colour distribution according to
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gender and body part. It can be seen that fesrtadee significanty (p<0.05) lighter
skin shadein all groupsas 2 tailed independent sampteest showedhowever the
greatest variation in L* values (lightness) is between sahel female of Iraqi skin
shade statistically asignificant differencgp<0.05 of L* Value was recorded between
Iragi males and female$Vhereas, no significant differencgs>0.05) in a* and b*
values between male and female was reported in the 3 ethnic grmypsver,males
have slightlymore colourful skin than femadén all groups andhis is represented by

higher a* values for magegainst femate

Total L*a*b* Value

70

60

50

40

m Caucasian

m Chinese

30

u MiddleEast
20

10

Figure 8-4: Average ard SD of L*a*b* colour Value for the ethnic groups.
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Figure 8-5: Comparison for L*a*b* values according to gender between the
groups.
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Table 8-3: Average L*a*b* Values for different body parts according to gender
Caucasian skin shade

Position L*a*b* - Caucasian
L*a*b* - Female L*a*b* - Male
L* a* b* L* a* b*
FACE

Forehead 60.6 12.8 14.2 59 158 14.9
Nose 59.3 15.3 14.5 58.3 15.8 15
Cheek 61 13.7 13.6 58.4 14.6 14.9
Ear 60.4 13.9 13 58.5 14.6 12.9
Chin 59.6 16.5 13.6 55.9 14.1 13.6

AV&SD 60.240.7 | 14.4+1.4 | 13.8+0.6| 58+1.2 | 15+0.8 | 14.3+1

ARM
Back hand 63.3 7.2 14.3 59.1 9 14.2
Palm 61.6 86 117 59.3 10.1 12.2
Outer arm 63 7.3 16 58.6 8.3 16.1
Inner arm 66.3 5.6 125 64.3 6.3 13.1
AV&SD 63.6+2 | 7.2+1.2 | 13.6+1.9| 60.3+2.7 | 8.4+1.6 | 13.9+1.7

Total AV+SD | 61.7+2.2 | 11.2+4.0| 13.7+1.2| 59.0+2.2 | 12.1 +3.6| 14.1+1.2

Variatiors of L*a*b* colour attributesi n t h e ¢ c amorg the thrgeagrowpase 6
presented in Table-8 and Figure &. The average value for each attribute L*, a*, b*

and the highest and lowest vaumr these components weraarkedin order to
determinghe range of colour dishution for each grougompared to the other groups.

The greatest variation of a* and b* values was for Caucasian skin shades, ranging from
4 to 24.8 with a mean value of 11.8 a8 to 24.2 with a mean value of 13.9
respectively This indcates that Cawsian skin haa more colourfulspectrumthan
Chinese and Middle Eastern skin. The greatest variation for L* value was for Middle
Eastern shades, which ranged from 32 to 70.7 with a mean value of 56.4. This indicates
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that the skin of Middle Eastern people,comparson to that of Caucasians anthe
Chineseis a combination of light and dark skin tones.

Table 8-4: Average L*a*b* Values for different body parts according to gender for
Middle East skin shade

Position L*a*b* - Middle East
L*a*b* - Female L*a*b* - Male
L* ax b* L* ax b*
FACE
Forehead 57.2 104 15.7 54.8 12.2 17.1
Nose 57.9 13.2 15.9 54.5 14 16.1
Cheek 60.4 11.7 15.6 55.6 11.7 16.1
Ear 51.8 104 15.2 51.6 12.3 15.7
Chin 59 13.5 15.9 49.2 9 13.1
AD&SD 57.3+3.2| 11.8+1.5| 15.7+0.3| 53.1+2.7| 11.8+1.8| 15.6+x1.5
ARM
Back hand 60 7.9 16.6 55 9.2 16.3
Palm 61.4 9.1 14 59 10.7 14.1
Outer arm 59.9 6.8 16.5 50.9 7.8 17.6
Inner arm 63.4 57 154 57.9 7.4 17.3
AV&SD 61.2+1.6| 7.4+1.5| 15.6+£1.2| 55.7+3.6| 8.8+x1.5| 16.3+t1.6
Total AV&SD | 59+3.3 | 9.9+2.7 | 15.6+0.8| 54.3+3.2| 10.5+2.3| 15.9+1.5
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Chinese skin shade

Table 8-5: Average L*a*b* Values for different body parts according to gender for

Position L*a*b* - Chinese
L*a*b* - Female L*a*b* - Male
L* a* b* L* ax b*
FACE
Forehead 58.6 10.6 16.1 55.3 12.2 16.4
Nose 60.1 9.9 17.1 57.3 12 16.6
Cheek 61.7 10.2 13.3 57.5 119 14.6
Ear 61.3 10.8 14.1 59.1 12.7 14.2
Chin 59.5 12.5 15.8 54.4 119 15.1
AV&SD 60.2+1.3 | 10.8+1 | 15.3+1.5| 56.7+1.9| 12.1+0.3| 15.4+1.1
ARM
Back hand 59.8 7.9 16.3 57 9.9 16.1
Palm 63.6 7.2 13.1 61.4 8.2 13.3
Outer arm 60.3 6.5 15.7 56.5 9 17.1
Inner arm 63.3 55 14.1 59.7 7.7 15.5
AV&SD 61.8+2 6.8+1 14.8+1.5| 58.7+2.3| 8.7t1 15.5%£1.6
Total
AV&SD 60.9+1.7 | 9.0+2.3 | 15.1+1.4| 57.62.2| 10.6:1.9 | 15.4+1.2

Table 8-6: Higher and lower range of L*a*b* valuesrecorded within each ethnic
group.

Ethnic Group

Total L*a*b* Value

L* a* b*
Caucasian Mean 60.3 11.8 13.9
Min T Max 49.57 70.7 47 24.8 6.31 24.2
Chinesei Mean 58.6 10.1 15.3
Min T Max 47.17 69.7 3.871 16.8 3.81 17.7
Middle Easti Mean 56.4 10.2 15.8
Min T Max 3271 70.7 3.871 19.1 7.51 22
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Upper and lower range of L*a*b* values
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Caucasian Chinese M.East
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Figure 8-6: Higher and lower range of L*a*b* valuesrecorded within each ethnic
group compared to mean value of each group

In order to further demonstrate skin colour variations between different ethnic groups,
the skin colour gamut for each group is plotted in Figurés 88 and 89. The
Caucasianlgn colour gamut appears to be slightly different when compared to either
the Chinese or the Iraqgi colour gam@aucasians v a wider range of colour and
more limited range of lightness wherehs Chinese hee a limited range of colouand

the Middle Easern colour gamut presestr wider lightness range comparedthat of

the Caucasians anthe Chinese.

Caucagjan

Figure 8-7: Vertical (a) and horizontal (b) appeararnce of the skin colour gamut for
Caucasan shace.
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Chinege

Figure 8-8: Vertical (a) and horizontal (b) appearance of the skin colougamut for
Chinese shade

b- Horizontal

Figure 8-9: Vertical (a) and horizontal (b) appeararnce of the skin colour gamut for
Middle East shade

The skin colour gamuts for the three ethnic groups overlapped with each other as
presented in Figures B - aand 811- a, which show that the Chinese colour range is
almostentirely envelopetb y t he Caucasiansd wide range
range of | ightness. The resulting colour
gamut (Figures 810 - b and 811- b) and the outcome showed that the skin colour
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gamuts for the 3 ethnic groups measured in this study are compatible with the colour
range of the printer and this makes it possible for the printer totpeniull extent of
these colours accurately

Chinese

Chinese Wertical Cluster Distribution Printer

Figure 8-10: Vertical cluster distrib ution for all colour gamuts(a), overlapped
withthe printer dgb)col our gamut

Chinese
M. East Chinese

M. East
Horizontal Clustpr Distribution Printer

Figure 8-11: Horizontal cluster distrib ution for all colour gamuts (a), overlapped
withthe printer 6gb)h.col our gamut
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8.5 Discussion

In this study colour measurements were conducted in three countries for over 400
subjects in 9 body areas using a spectrophotometer. The current study aimed to generate
a comprehensiveks colour database and skin colour informattmased on CIELAB
tristimulus values for volunteers representing Caucasians, Chinese and Midéla East
people A small number of people of Asian and African origilso participated in this
study. Human skincolour shows variations throughdife, and human skimndergoes
several structural and functional alterations caused by intrinsic aging and independent
environmental insult§Roh et al., 2001)This often results in hyper pigmentation spots

by erratic melanocyte activity as a result of cumulative UV exposure. Also white spots
or hyppigmantation can be detected in aged sBiructurally the aged epidermis likely
becomes thinner and less coloured than the young epid&vitlissge human skin loses
colour and presents a significant reducedaif) and (b*) values(Fullerton and Serup,
1997) Therefore, and in order to collect more valid and representative skin colour data,
the majority ofdata were collected from younger age gréumainly students aged

from 20to 40 years.

Skin colour appeance differences between ethmmups were investigated.
Then, the skin colourgamut for each ethnic group andlaur variations according to
gender andody part werealso determinedThe amount ofdata dtained from Asian
and Africanparticipantswas too small to be included the data analysis processek
this study.Further data collection is required in order to establish the skin colour and
appearance for other ethnic growgml therebyepresent wider range of skin colours
worldwide.

The results provided some important evidence about the skin colour of the three
ethnic groups investigated in this study. This evidence indicates that Caucasian shade is
more reddish and lighter than Chinese and Isaqides, whereas Iraqi shades are darker
than Caucasian and Chinese; this could be due to geographic and/or genetic factors.
Also, the skinof the Chinese and people Middle Easérn decent is more yellothan
that of Caucasians. Furthermore, Caucasianingse and Middle Eastern females
exhibited lighter skin shade than males, while males exhibg&eder skin colour than
femalest he redness is because of t hdFortheyeat er

et al., 1981) while the lightness is probably due to genetic factors, such as the male
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having more melanin in his skin or the fact that most outdoor labaurdertakerby

males. Also, femalesr@a more likely to use makeup, which provides some protection
from sunlight(Brown et al., 1962, Frost, 2006)he data also revealed that faces are of
darker and more colourful shades than the arms for all three ethnic backgrbhisds
probably due to the fact th#te face is an uncovered part of the body and exposed to
more sinlight than the covered pariBhe natural skin colar can darken as a resuwoit
tanningdue to exposure to sunlighEither the UV-radiation creates oxidative stress,
which in turn oxidizes existing melanin and leads to rapid darkening of the melanin
there isan increase in production of melananprovide protection to the sk{kgar and
Young, 2005) It is very important to consider these faatdhen appying data
acquisition or manufacturing processes to skin colour reprodu¢tioman skin shades

can be digitallyrepresentedising cameras (2D or 3D) and then physically reproduced
using additive manufacturing techniquexluding layered fabrication tenlgues such

as 3D colour printing. For this process to be successful, the appropriate skin colour
gamut has to be used as a true reference in order to achieve an accurate skin colour
reproduction and/or translation between different media.

Another importah advantage of skin colour measurement is that it can
provide each population group/ethnic group with a dedicated skin colour shade
guide instead of one shade guide representing the shkiireolourrange. If, for
example, one wants to produce a prosthésr a patient in China, all that is
needed is to refer to the Chinese skin shade guide. This will allow much more
focused and more accurate colour matching. One skin shade guide for the whole
population of the world cannot be as accurate as a rangadmfated skin shade
guides. If we look at the Chinese skin shade guide or any other ethnic shade, for
example, it is possible to produce a skin shade guide for an ethnic group, perhaps
comprising no more than eight or nine skin shades. This kind of venylesi
shade guide can be created for the purpose of producing prosthetic devices.

This provides the option of producing a clear prosthesis and then
infiltrating it with an appropriately shaded silicone polymer selected from a
dedicated skin shade guide. Thge of such a shade guide may offer a simple
and effective solution when dealing with large numbers of people, when the

primary consideration is noaesthetis but to produce a prosthesis that is
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reasonably well matched anatomically. It might not be perfbeit it can help
people worldwide who need prostheses and do not have access to maxillofacial
technicians.

The anaplastologist can select the appropriate skin colour from a dedicated
skin shade guide and pass the colour code to a maxillofacial techaitywhere
in the world who can then perform the infiltration process for a colourless
prosthesis using a coloured silicone polymer based on the colour information that
has already been collected visually from the patient. This can overcome the
problemsof digital colour reproduction that can arise due to limitations related to
the colour capture devices/ printer colour profiling. In this case the entire digital
colourreproduction process is bypassed and replaced by a visual colour matching

process.

8.6 Conclusion

Analysis of a skin colour database for Caucasian, Chinese and Iragis was performed and
this revealed that, in general, Caucasian skin appears to be more reddish and lighter in
colour than either Chinese skin or Iraqi skin. However, individualesacthe three
ethnic groups can have identical skin colour to that of the printer as their colour gamuts
are located in a similar position. Skin colour variation within each ethnic group was

investigated and the Caucasians were found to have the greata8om in skin colour.
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9 Skin Colour Reproduction Using
3D Colour Printing
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9.1 Introduction

3D colour printing is a relatively new technology and for most applications
outside of this field, the actual colour is of little consequence. However, for this
project to succeed it has to be possible to reproduce as closely as possible the
skin shades of the patient for whom the prosthesis is to be made. The input to the
3D printer is based on RGB colour information but the output will be a function
not only of theinput conditions but also the base material uslee materials
used as infiltrateand of course the process itselhus there are a number of
variables involved in the process of colour reproduction. Parraman et al (2008)
evaluatedhe colour outpuof the ZCorp (Z510) printer usingorizontal colour
charts andassessing colour output on thertical and horizontal surface of
printedcubes. Furthermore, the samples were finished with wax infiltradiach,
prior to infiltration the detached powder wasnmved carefully using a soft
brush and colour measurement undertaken by using a spectrophotometer. Result
showed more than noticeable differences between the output on horizontal
surfaces and vertical surfaces of the cubes. This study was considered as a
reference for colour reproduction by theéPrinter(Parraman et al., 2008)

Another study byst a reti al (2008) evaluated the capability oPZinter
(Z510) by usingplasterpowder (zp131) and the correspondent binder (zb60).
This study was based on the type of infiltrant ubethg cyanoacrylate and an
epoxybased resin. The study recorded desesain the lightness and chroma
values according to the infiltrants usédSt ani | e tnvestidation of 2 0 0 8
colour reproduction by 3D colour printingased on testing the basic colours used
has correlated the colour reproduction to the position and texture of the printed
surface, infiltrant and type of-Brinter used. Black binder was added to the Z
Corp 650 printer by adding an additional print head ia rder to expand the
range of colour reproductiaandexpanding its colour gamut. In addition to clear,

cyan, yellow and magenta heads, the black print head i€"theasl added to the
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later model of ZPrinter (Z650). The colour output of Z510 and Z6®@re
evaluated and compared with each other by Walters et al (2009). Furthermore,
the effect of infiltrants cyanoacrylate and paraffin wax were compared. Colour
differences ranged betweenEvalue 3.1 for cyan and 7.09 for black specimens
and the averagg Evalue between thtwo models Z510 and Z650 wédgor both
infiltrants used in this studyWalters et al., 2009)

To date, a computdrased colour imagingeproductionsystems have
slowly been developed andhave started to replace conventional colour
reproduction technologgraduallydue to itspotential for improvedccurate and
consistency

The international colour consortium ICC profile defines a setatd that
specify the colour space of the input and the oubtpatdevice according to the
standard stated by International Colour Consortil@€, 1998) It is a method
of correcly mappinga colour profile from an input to an output colour space
(Stokes et al., 1996)n order to improve the quality of colour repuation, the
colour capture device or the display device shouldphsiled; this can be
achieved by using a tristimulus spectrophotometer or colorimeter, although some
of the manufacturers provide theoduct with its own profile. however, on
occasions theiser may require generation afspecific profile for each devise
used(Lee and Choi, 2008)

For the 3D printed coloured samples, it is necessary to map and profile the
colour attribdes of the colour capture devicethe spectrometer or the 3D

photogrammetry system and the output devite 3D colour printer.

9.2 Aims

The Aims of this part of the study was
1- To determine the degree of colatlrangeshift that occurs when printing skin
shades using 3D colour printing technology and to determine the extent to which

there is a colour shift between the input data and the output data.
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2- To present procedures of colour profile developmiemlour reproduction
systemforaZCor p O Z&lbuw @rinted &nd to evaluate the performance of

colour profile in terms of colour reproduction for a range of human skin colours

9.3 Materials and Methods
9.3.1 Part One - Testing the Performance of ZPrinter for Colour

Reproduction
9.3.1.1 Group 1 - Printing in starch:

The L*a*b* colour values of a set of 13 silicongbber(SR) skin shade guides, rkilly
provided by Mrs. L. Gil® (25mmdiameter and 6 mm thick) representing a range of
ethnic groups, were measured using a Minolta spectrophotometer (Mod&l6Qd),
(Figure 91).

This group of A s t sawek@msididrezl ¢hd contrsl lgrioup. ¢ o |
Thesespectrophotometevalues were then converted to RGB data sets usidgva
colorimetric converterThe RGB values of the 13il8one rubberskin shade guides
were input into the ZZorp 3D colour printer in order to print a similar set of skin shade
guides (25 mm diam. and 6 mm thick) with stapcuwder Prior to infiltration the loose
powder was removed carefully by using a soft brush. The 13 discs were imnmeased
translucent maxillofacial SP (S#5) for 25 minutes at 3 bar pressure to ensure full
penetration of the SP into the coloured starch discs. After 24 hours the L*a*b* values of
the discs were measureing the Minolta spectrophotometérihe differencen the
i nput and output values of the L*a*b* d
variousethnic groups was determined.

Furthermore, the spectral reflectance graph for each pair of discs (the original
SR and the printedtarchdiscs) was plottedsing a PC controlled spectrophotometer
system operating with UWVinLab software using 2° observation with spectral
wavelengh 380 nm to 700 nm (Figure-® - PerkinElmeri Lambda 2S, UV/V
spectrometerAfter zero calibration and white calibration, the séespwvere fitted ito

position as shown in Figures®and 94 in order to plot the spectral reflectance curve

8 Acknowledgment taMrs. Liz Gill T Maxillofacial technologisi BSc (HONS) C&Gi Advanced Max
Fac. General Senior Lecturer at Manchester University
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for each pair of samplesthe R and theprinted starchand to determine the amount
and the areas of colour shift on the reflectance graph.

Figure 9-1: Minolta spectrophotometer (Model: CM-2600d)

Figure 9-2: PerkinElmer "Lambda 25" spectrophotometer.

Colour differencesp Bwascalculated g the following equation:

AE= 3(L*2 7 L*1)%+ (a*21 a*1)’ + (b*2 b*1)?

L*2, a*2 and b*2 stand for L*,a*, and b*Values of the prin&drch discs the output
while L*1, a*1 and b*1 stand for the L*, a*, and b* Values of the silicameberdiscs

- the input
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A L T
B O P TR

Sample

Diffuse Reflectance

Figure 9-3: Diagram illustrating the position of the sample and the
reflectance light.

A

Figure 9-4: The sample compartment and the sampl

9.3.1.2 Group 2 - Printing in plaster:

As with group one, measuring the L*a*b* colour values of the 13 silicabberskin

shade guides was undertaken and converting tloeRGB \alues was completaasing

a Java colorimetric converter. Again the RGB values were input into a 3D colour printer
and discs of the same dimensions as the originals were printgldsterand then
infiltrated with cyanoacrylate. After 24 houtise L*a*b* values of thecoloured discs

were measured. The differencetire input and output values of the L*a*b* data and
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®PE values were determined and theaSpectr
and the printed cyanoacrylate infiltrate@lasterdisc9 was plotted too.

9.3.1.3 Group 3 - Plain starch discs infiltrated with coloured SP.

In a third set of experiments plaimortcoloured discs of the printed starch were
infiltrated with coloured silicones (S#5), representing a Caucasian and an African
skin shade. After 24 hour s t hrdiltrated distsb * v
were measured and compared with that of the pure coloured sifidoinerdiscs.

9.3.2 Part two - Colour Correction®
9.3.2.1 Printer colour profiling for Z -Corp 2510 3D printer :

The important step in reproducing colour accuratelytlioy Z-Corp printer was to
develop a specific colour profile for the printgtarraman et al., 2008his included
printing a training colour chart consisting afset of colour patches using tAeCorp
printer with starch powder. The colour chart was then infiltrated with cleapr&;to
infiltration the chart was brushed to clean unattached powder from the surface. The
colour chart was left on a horizontal surface after infiltration for 24 hours for the
complete set of the SP, and then the input RGB values and output LAB walkgch
colour patch in the chart was measured using a spectrophotometer. Finally, a
mat hemati cal mo d e | was developed to pr et
RGB values and their corresponding LAB values.

In this study, both GretagMacbeth ColdCinecker DCcharts(240 colours) and
a skin colour chart (14 skin colours plus a peak white) were adopted (Figuen®
Figure 96). Therelationships of CIE LAB and-Lorp printer RGB wasleveloped by
using athird order polynomial regressithwith a leat square fitting based on 254
training colours.
M =(R'R)*RTX
R':[L ab > a® b L& L ad ® a® b G LG? G LO® a’d a®d® L&D 1,
X=[R G By,

Where

° Acknowledgment This work was performed in collaboration with Dr. Kaida XiaBhD in colou
imagingi Research Fellow University of Sheffield.
1% Details in Appendix D (Polynomial Regression with LeaStjuares Fitting).

152



9- Skin ColourReproduction Faraedon Zardawi

R represents the LAB values, X represents printer RGB values and M represents a
matrix to have a linear relationship between R 4nd

After transformation, the M matriwasobtained andvasused to represents the
colour profile for ZCorp Z510 printer. Then, printer RGBgere calculatedising the
lineartransformatiorfrom any LAB values directly.

X =R

Figure 9-6: Skin colour chart.
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9.3.2.2 Evaluation of skin colour reproduction:

The printeros perf or niamwasevaluatad byscélgulatingcthe!l o u
colour difference between the original colour samples and the reproduced colour
samples. A colour chart including 14 testing skin colours, representing a wide range of
skin colours, was employed (Figure6® Note thathe 13 coloured silicone discs that

had been used previously for evaluation of skin colour reproduction@yrzprinter

were included. CIELAB colour difference formula was usedrieasure the colour

difference.The method applied for colour reproductisrsummarised as follows

1) Colour transformation:

LAB colour values were measured and sen
profile as input values for the samples, then their respective printer RGBs were

generated.

2) Colour printing :

Those printe RGBs were sent to the-Corp printer and the colour samples were
printed on a horizontal chart thaicluded the 13 skin shade®, which a fourth

African shade and the white colour were added. The printed chart, infiltrated with
cl eabil2%® ,6 was | eft to dry for 24 hours.

3) Performance evaluation

Performance of colour reproduction was evaluated by comparing colour difference
between the original skin colours and the reproduced skin colours. The respective
LAB value of each reproded skin colour sample was measured using a
spectrophotometer. The respective colour differenbE$ hetween the original LAB

and the reproduced LAB for each tested pair were then calculated. The grand mean
of skin colour difference and the AveradgE( values of all tested skin colours were

calculated to represent the overall performance of thegpwoatour profile.
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9.4 Results

9.4.1 Part One - Testing the Rerformance of the Printer for Colour

Reproduction
9.4.1.1 Group 1 - Printing in starch:

The L*a*b* values and their Raultheprinteddi f f
starchskin shades are presented in Ea8ll . As the table shows,
from small in some skin shades to considerable in other skin shades. The table shows a
minimum change of 3.4 in Caucasian 1 tmaximum of 12.2 in Caribbean 1 hle the

other values varied irregularly betwe¢hese two values. 8@ skin shades show
minimum amount of dour shift, while others shova high degree of colour shift
regardl ess of the ethnic groups. The avel

Also the table demonstrates that all a* valukthe printedstarchcolours were
higher than the inputScolours,andthat indicates a general shift toward the red end of
the spectrumn the printing proces€On the other hand the L* values shows a general
redudion in lighter skin shadesCaucasians, Asians and Pakmsa whereas the darker
skin shade tend to shift to a lighter L* value. This indicates that in general the printer is
printing darker shades lighter and lighter shades darker, (please note that these will not
be the original colour as printing will have astges them). Visual perception of the
colour shift and differences in colour between the origifald&cs and the printed
starch discs are shown by photographic demonstration for both colours (Figyreé8 9
and 99).

These differences in colour are@lsonfirmed by the spectral reflectance graphs
for each pair of discs, the origin@R and the printed starch-{gures 910 to 915). The
red lineon the graph represarthe spectral curve for the printedusth discs, while the
blue line represents thepsectral curve for the originaBR discs There are some
differerces in colour reflection fogach pair of skin shade discs between the origRal
and the printecstarchdiscs. These differences vary between minimal in some skin
shadessuch asAsian, Pakitan, and some of the Caucasian shades, to considerable in
African and Caribbean. Generally speakingtlad printed colours tended to shift to the
red end of the spectrum when compared to the original shade guide. The darker skin
tone (Caribban 2) tendedo shift toward alighter shade. However, the lightskin
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tone (Caucasian 3) tendéd shift toward a darker shade. Both show the highe E
values, 10.8 and 12.0 respectively.Gaucasianl and Asianl the spectral curve of the
printed discs runsery dose to the original curve.dh showt he | owest o@E

and4.0respectively (Table-Q).

Table 9-1: L*a*b* values for the original rubber and the printed starch shade
guides and therecolour difference using directly converted RGB values

Original Rubber Printed in Starch

Ethnic Origin L A B L A B PE

Caucasian 1 58.8 9.4 18.4 58.0 10.4 215 3.4

Caucasian 2 68.5 10.2 14.7 61.6 14.0 19.1 9.0
Caucasian 3 71.7 3.8 15.2 60.9 7.1 194 120
Caucasian 4 60.3 8.6 18.6 59.1 9.9 23.1 4.8
Asian 1 61.7 5.7 18.0 58.1 6.3 16.6 4.0
Asian 2 61.2 5.3 17.2 55.7 6.8 18.3 5.7
African 2 32.7 5.0 9.2 42.0 8.4 7.7 10.0
African 3 45.0 11.0 16.2 50.1 9.4 21.0 9.4
African 4 43.3 9.9 12.2 48.1 111 14.8 5.0
Caribbean 1 40.8 8.0 17.3 52.9 8.9 18.5 12.2

Caribbean 2 45,7 9.0 19.9 51.6 16.7 24.8 10.8

Pakistan 1 59.4 8.7 16.6 554 7.8 19.6 51
Pakistan 2 60.1 7.7 17.4 55.3 7.2 20.4 5.7
AveragepE 7.5
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Asian Pakistan

AValue 399 5.72 5 06 5.72

Rubber

Starch

Figure 9-7: Coloured discs for the Asian and Pakistan ethnic group
(original rubber and printed starch).

Caribbean African

i) @ @ @@
WQOQQO
AValue 12.16 10.38 1 9.39 4595

Figure 9-8: Coloured discsfor the Caribbean and African ethnic group
(original rubber and printed starch).

Caucasian

AValue 3.37 838 12.02 4.84

Rubber

Starch

Figure 9-9: Coloured discs for the Caucasian ethnic group
(original rubber and printed starch).
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Figure 9-12: Spectral reflectance curve Asian 1
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Figure 9-13: Spectral reflectance curve Caribbean 2
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Figure 9-14: Spectral curve Caucasian 1
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Figure 9-15: Spectral reflectance curve Caucasian.3
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9.4.1.2 Group 2 - Printing in plaster:

Table 9-2 presentghe amount of colour shifiecordedfor group 2 sampleshe table
demonstrateshe L*a*b* values for the 13R skin shades, thelasterprinted and
cyanoacrylee infiltrated shades and their colour diincesdE.

A considerable shift in colour was ob:
varying from a low of 4 to a high of 14. The greatest o@E valu
the lighter skin shades (e.g. Caucasian and Asian) as compared with tee sikimk
shades (e.g. Afr€aribbean and African). For most shades the biggest changes were
observed in the L* values, although for the African and Caribbean shades the shift was

mainly due achange in the*bvalue. The averagg EValue was 8.§Table 92).

Visual perception of the colour change is somewhat different from that expected
from the @E v-46l 81,5918 show ghe origisal SR skin shades
compared with the cyanoacrylate infiltrated printed discs usiptasterbase(please
note therare difficulties reproducing thesecurately due to the colour distortion of the
printer). The visual impresen is that theplasterprinted andcyanoacrylatanfiltrated
discswere darker whencompared to those printed in starghd this is confirmed in
Table 92. This shows a general reduction in L*, a* and b* values. While in starch
printed discshe colour was lifted t@ lighter shade (L* increasediut also shifted
toward the red end of th@a) to (+a) spectrum/zone, which idemonstratedn an
increase in th¢a*) value (Table 91).
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Table 9-2: L*a*b* values for the original rubber and the plaster printed and
cyanoacrylate infiltrated shade gudes andtheir colour difference
using directly converted RGB values.

161

Silicone Rubber Printed in plaster
Ethnic Origin L a B L A B pE
Caucasian 1 58.8 9.4 184 | 539 6.1 14.4 7.1
Caucasian 2 68.5 10.2 | 14.7 | 58.4 7.5 14.2 | 10.7
Caucasian 3 71.7 3.8 15.2 | 57.3 2.5 14.7 | 14.6
Caucasian 4 60.3 8.6 18.6 | 525 6.4 17.5 8.2
Asian 1 61.7 5.7 18.0 | 53.3 5.8 17.0 8.3
Asian 2 61.2 5.3 17.2 | 527 4.5 16.3 8.5
African 1 32.7 5.0 9.2 39.1 5.3 2.6 9.2
African 2 45.0 11.0 | 16.2 | 43.6 9.7 11.3 5.2
African 3 43.3 9.9 122 | 424 8.4 8.0 4.5
Caribbean 1 40.8 8.0 17.3 | 457 9.0 19.9 9.4
Caribbean 2 45.7 9.0 19.9 | 46.4 | 134 | 15.0 7.0
Pakistan 1 59.4 8.7 16.6 | 52.8 5.8 14.5 7.5
Pakistan 2 60.1 7.7 17.4 | 52.0 5.7 16.6 8.4
AveragepE 84
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Asian Pakistan

Rubber .
Plaster .

AE values 8.26

Figure 9-16: Coloured discs for the Asian and Paistan ethnic group (aiginal
rubber and printed plaster).

Caucasian

Rubber . k l ’
@O OO

AE values 7.09

Figure 9-17: Coloured discs for Caucasian ethnic group ¢riginal rubber and
printed plaster).

Laribbean African

e 00

AE values #

Figure 9-18: Coloured discs for the Caribbean and African ethnic group (original
rubber and printed plaster).
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Figures 919 to 924 presenthe spectral reflectance graphs for each pair of tiggnal

SR (red lines) and the printeglasterdiscs (blue lines)for some ethnic shades. The
spectral curves show théte printed plasterdiscs for all ethnic shades shifts toward
darker coloursThey also demonstrate significant differences through the lighter skin
shales than darker shadéihe Caucasian and Asian Shadkght skin tone) show a

significantly larger shift thathe Caribbean and African darker skin tones.
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Figure 9-19: Spectral reflectance curve Caucasian.2
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Figure 9-20: Spectral reflectance curve Caucasian.3
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Figure 9-21: Spectral reflectance curve Asian 1
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Figure 9-22: Spectral reflectance curve Caribbean 1
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Figure 9-23: Spectrd reflectance curve African 1
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Figure 9-24: Spectral reflectance curve African 3

9.4.1.3 Group 3 - Plain Starch Discs Infiltrated with Coloured SP.

Table 93 i I l ustrates t hE valuédsaor he plas starch eiscs an d
infiltrated with coloured silicone polymers.

Table 9-3: Effect of infiltration with coloured silicone polymers.

Samples Silicone Rubber Printed in Starch
L a B L a B pE
Caucasian 74.6 14.8 16.3 74.9 12.9 15.0 2.3
African 58.1 10.3 13.2 49.7 11.1 13.8 8.4

Although there is a colour shift, this is quite small in the case of the Caucasian sample.
For the African sample the major difference was due to a changfee L* value

(lightness) but not in a* and b* values (Colour).

9.4.2 Part Two i1 Colour Correction

Table 94 presents the resslbf colour correction after profilg the printer colour
system. Using a standard printer profile, skin shades produced from @RtE
cyanoacrylate infiltrategblasterwere compared to colours produced from SPIS using

the 3D Z-Corp printer colour profileResults showed demonstrablemprovemat in
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col our producti on: t he average pE val u
cyanoacrylate infiltrateghlasterand printed SPIS respectively before using theCorp
printer profile and then to 4.3 for thginted samples SPIS after applying the-Zorp
printer colour profile. Figure 92 confirms that the proposed method, specially
produced for the LZorp 510 printer, significantly enhances the performance of colour
reproduction when compared to the standard printer colour profile ustdstqrinter

This can also be detected visually in Figure269and 927. The pictures for both
original skin colours d and reproduced skin colourb) (using the standard printer
profile are shown in Figure-26. It can be seen that the reproduced colours do not
match the originals but are much darker with a significarg khift, whereas in Figure
9-27, colours were reproduced successfully after applying H#@oip printer colour

profile.

Table9-4: Av er a g es foqpEnted stdrch42510 profile, printed starch+
standard printer profile and cyanoacrylate infiltrated plaster+standard
printer profile .

CRS E Ski ni Ehmit graups

Aver ag
Cu|Cu|Cu|Cul| As | As | Af | Af | Af | Cr | Cr | Pk | Pk

1 2 3 4 1 2 1 2 3 1 2 1 2

SP+7Z510P |34 |97 |18 |43 |38 |43 |06 |39 (56 (42 (6.1 |32 |52
mpE =34 .

SP+ home P| 34 |90 | 12048 |40 |57 |100|94 |50 |12.2|108|51 |57
PpE=7.

CY+ homeP| 7.1 | 10.7|146|8.2 |83 |85 |92 |52 (45 |94 |70 (75 |84
mpE =8 .

1. Cu = Caucasian, As = Asian, Af = African, Cr = Caribbean, Pk = Pakistani.

166



9- Skin ColourReproduction Faraedon Zardawi

Performance of Zprinter
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Figure 9-25: Performance of colour repraduction for Printed starch+z510 profile,
printed starch+standard printer profile and cyanoacrylate infiltr ated
plaster+ standard printer profile .

Figure 9-26: Colour reproduction using direct RGB transformsi (a) the original
input 7 (b) the printed output.

Figure 9-27: Colour reproduction using Z-Corp printer profile i (a) the original
input 7 (b) the printed output.
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9.4.3 Performance with Time Spent

In order to investigate the continuity/reproducibility performantéhe printer
colour reproductioomodel with tme spent, the testing chart wasnted 8 times

in total (Figure 9-28). They were printed at different intervals within a 28 day
period. After printing the average colour difference between the reference colour
chart and each test chart was calculated. These values are presented iRSTable 9
and Figure 29. It can beseen that the best repeatability/performance was
achieved ateproduced with an average colour difference of 2H. In contrast

the worst performance was obtainedreproduce 7with an average colour
difference of 5.7DE. It was proposed that the ovdradodel performance within

the 20 days was consistent and within the acceptable limits.

Figure 9-28: Colour correction by multiple reproduction of the skin colour chart.

Table 9-5: Performance of the colour reproduction system within 20 days

Reproduction

reproduce 1 2 3 4 5 6 7 8
ED| 4.3 4.6 3.2 2.9 3.1 4.5 5.7 4.1
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Delta E value within 20 days

Reproduce
1 2 3 4 5 6 7 8

=—4=—Delta E Value

Figure 9-29: Performance of the colour reproduction system within 20 days

9.5 Discussion

The production of flexible skin shaded prostheses using 3D colour printing can be
achieved either by colour printing a 3D model and infiltrating with a clear SP or by
printing with a clear binder and infiltration with a coloured SP, or possibly a

combination of the two. The first approach would appear to be the most straightforward

i n that al | the features of the patient

flecks etc.)can be incorporated at the printing stage. However, the drawback with this
approach is that it is no simple task to match the output from the printing process with
the patientds ori gi nallcledlyidentiBebthedseale ofdhh e

problem, which appears to be more monced with some skin shades than others. It is

generally assumes that a @E greater than

the printed skin shades differsignificantly from their associated original skin shade.
Although these values repesd the total degree of colour deviation of the printed skin
tone and not each particular component of the L*a*b* colour model for each individual
colour or skin shade, it is very useful to show the amount of colour shift between the
original R samples ath the printed starch discs.

In group one (printed in starch) the difference between the two discs in each pair
(the original & and the starch printed and SP infiltrated) was not significant visually.

However o@E values greater than 3 were
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curve reflectance of the printed discs shift in various manners. Some show a small shift
while others show higher shift. The lighter skin shades tend to shift toward a darker
shade while the darker skin shades shift toward lighter shade. There is no clear
explanation for this odd behaviour in colour shift, but this phenomenon could be due to
the printng process as both, the printer and colour capturing device
(Spectrophotometer) hawedifferent colour profile, or due to deviation in the values of
the colour space during conversion from L*a*b* to RGB and then from RGB to L*a*b*
after printing. Furthenore, it could be related to the translucency factors of the SP

used In general this is a very complex awgadrequires further investigation

In group two (printed irplaste), for Caucasian, Asian and Pakistan skin shades
the biggest changeasin theL* value with only small changedemonstrateth a* and
b*. Another prominent featur@asthat the lighter the skin shades the mibrecolour
mismatched. In contrast the Caribbean and African skin shade match reasonably well in
terms of L* but deviate maly with the b* part of the shade values. Thus it would
appear that the colour shift arising during processing varies according to the L*a*b*
values of the input data and one cannot assume there is a repeatable shift in each of the
individual L*, a* and b* values. The issue becomes yet more complicated when taking
into account that the input for the 3D colour printer is in terms of RGB values.

In group three, the use of a coloured silicone polymer infiltrate would appear to
work quite well, but again lackembnsistency. The Caucasian skin shade produced only
a minor shift in the L*a*b* values, whereas for the African skin shade the biggest
change was in L*. The change in L* value for the African skin shade contrasts with the
colour printing, where the L* vak had remained virtually unchanged. Nevertheless,
these results are quite encouraging and open up the possibility of using a two stages
approach, whereby skin highlights can be printed, followed by infiltration with a
suitable base shade. The disadvantaigie this approach is thdt will require a certain
degree of skilled input to get this right, rather than relying on the printer to produce the
required appearance of the prosthesis.

The data obtained from the spectral reflectance curves provide aalgener
speculation for the amount of light reflected for each shade and differences in the light
reflectedfor each pair. It can be observed that the higher differences in L* values

present a greater variation in the orientation of reflected light on theapettectance
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graph, especially in the red portion of the visible wavelengths. Generally the lighter
colours such as Caucasian and Asian demo
values and consequently the spectral reflectance graph showedea gaeation in the
reflected light for each pair and these variations can be seen on the reflectance graph as
a reduction in the amount of reflected light after printing. However, the darker colours,
such as the African or the Caribbean shade, showedcagase in L* values followed
by an increase i n @Eflightadflectecs Fugherthorgaints ot h e a
discs that revealed slight differences in the L* values before and after printing showed
smal |l er @E val ues anah vetyltlese to eacledtherealorigdhe c e
visible light spectrum.
Human skincolour was produced by printingtarch samplesinfiltrated with
cl ear -25P6 paStedsamplesinfiltrated with cyanoacrylate usina standard
printer profile. This method ofatour reproduction was not compatible with the RGB
colour model adopted by theRFinter and resulted in a big difference between the input
and the output L*a*b* values and an incr
In general,a colour reproductioimodel for digital imaging is conducte for
different devices from digital scannes to colour printer or even monitorsfisplay.
Colours in each device are controlled by their own RGB system and therefore true
colour communication cannot be achieved without colour agament processing
between the different devices. Device colour profiling is considered to be a first step of
colour management in connecting the devi
human eye system (CIE XYZ or CIE LAB values) under a spedéwing condition.
System error for the -Corp Z510 3D printing system was evaluated. The effect of
system error on colour reproduction was investigated and used as a threshold for
assessment of the whole colour reproduction system for facial soft tE®stiseses. A
number of algorithms for building specific device profiles were also compared and the
one with the best performance for each device was identified. According to the results
obtained fronthese investigations it can be suggestetlonly didthe processes put in
place improve colour accuracy/reproducibility but alee colour production system
applied in this study for skin colour was adequate for the purpose of reproducing the
skin shades for facial prostheses using th&arp 3D colour priter.
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9.6 Conclusion

1- The skin shade guide printed using the 3D colour printer and direct RGB
transformation was unable to reproduce the skin shades of the original silicone
rubbershade guide.

2- Colour shift varied from small in some skin shatie<onsidesble in others, with
variation from one ethnic group to another.

3- The quality of colour reproduction was improved by developing a colour

reproduction system according tetBCorp printer colour profile.
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10 Effect of Weathering and
Exposure to UV light on the
Colour Stability of Silicone
Polymer Infiltrated Starch
Models"

2 part of this work on colour stability ofSprostheses has been presented as a poster in BDOSR 2011,
Sheffield 12"i 15" Septembei Appendix A-The Abstract.
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10.1 Introduction

Colour instability is considered one of the most significant problems for patients
provided with maxillofacial prostheses. Fading of pigments and/dye changes thle visu
properties of the facial prostheses due to ploxidative reaction between the pigments

and the UV radiation in the presence of oxygen and moisture. The reaction breaks down
the pigments within the prostheses and then alters the reflective propérties o
prosthese$ these resultén a gradual colour fadéuring itsservice life. Deterioration

of the prostheses due to change in colour is problematic as this is a key aspect in the
overall performance of any prosthef&hen et al., 1981, Lemon et al., 1995)

A number of studies have investigated the colour stability of maxillofacial SP
under different weathering conditions; these have shown colour changes of the SP after
artificial and natural weatheringrnd that olour instability was a function of the
exposure time and the colorants used. Furthermore, the inherent properties of the
origind uncoloured SP also contribute the colour deterioration of the soft tissue
prostheseqHatamleh and Watts, 2010b, Haug et al., 1999b, Haug et al., 1999a,
Mancuso et al., 2009c, dos Santos et al., 2010)

10.2 Aim

The aim of this part of the project was to test the effect of natural and accelerated

weathering on the colour stability 8PIS specimens compared to the SP.

10.3 Materials and Methods

10.3.1 Part onei Exposure to Accelerated Weathering ©nditions

10.3.1.1 Group 171 Accelerated weathering for 6 weeks

Testing the effect of 6 weeks exposure to accelerated weathering on the optical

Propertieof the SPIS samples was performed as detailddvel
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Group 1 - Series 1:Pure coloured slicone polymer:

Three sets o5 mm diameter and 6 mm thick, coloured discs prepared fro@5Sil
maxillofacial SP representing 5 different ethnic groups were pextlusing a stainless
steel custom made mould. The average L*a*b* colour values for the discsiveere
measured using the Minolta spectromdtdodel: CM-2600d) These represented the

control samples.

Group 171 Series 2:Coloured discs infiltrated with clear SP.

L*a*b* colour value for each sample was then converted to RGB. These RGB values
were utilized by the ZLorp printer after designing similar discs with identical
measurementsising SolidWorks 2008CAD software (25 mm diameter and 6 mm
thickness).Colour information for the 5 different ethnic groups was then added to the
models during the printing process and 3 sets of coloured discs et dor use as

test samples.

The printed coloured discs were then infiltrated with clear SP as per oucgiroto
- 3 bar pressure in a pressure vessel for 25 minutes. The discs were then left to dry in
ambient air at room temperature for 24 hours.

L*a*b* Values for these discs were measured using the Minolta spectrometer.
Both SP (control) discs and SPIS (teigcswere inserted insidlhe QSun Xenon test
chamber(Xe-1-BC1/SC - ASTM G155) in order to expose them to cycles of UV
radiation, humidity and temperature for 6 weeks.

At the end of the experiment, the discs were cleaned and L*a*b* colour values
takenand @E values for each pair of discs w
the control and test groups was then undertaken to determine the degree of colour shift
and in order to understand the colour change behaviour of both printed coloured discs

and SP discs under accelerated weathering conditions.
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10.3.1.2 Group 2 - Accelerated weathering for 2 weeks
Group 2 - Series 1:Pure coloured Silicone Polymer

Three sets of 4 pure SP discs (control) were produced to represent 4 different skin
shades (2 Causins and 2 Africans) and exposed to accelerated weathering inside the

Q-Sun chamber for 2 weeks

Group 21 Series 2:Coloured discs infiltrated with clear SP.

Three sets of coloured discs were printed and infiltrated eléthr SP after converting
the *a*b* colour values of the SP discs in series 1 to RGB. These RGB values were
thenutilized by the ZCorp printer. Samples were inserted inside th®u@ chamber for

2 weeks

Group 371 White starch discs infiltrated with coloured SP

A third group wasalso made by printing plain white starch discs, which were infiltrated
with a coloured SP representative of African and Caucasian shades. The samples were

similarly placed in the weathering machine $Qn) for 2 weeks.

103.2 Part two T Exposure to Natural A @t d o &Veaihering

Conditions

Two sets of coloured discs were produced from2Silmaxillofacial SP in order to
represent 5 different ethnic groups*a*b* colour values were measured using Minolta
spectrometer and then converted to RGB colour walue order to print the
correspondent coloured discs from starch. Thea*b* were measured after infiltration

with Sil-25 SP and used as a test group. The SP discs (Control) and the printed discs
(test) samples were placed in a basket and left exposédetmatural weathering
conditions by placing them on a window ledge outside the office for 4 measy,

Jun, July and August 2012 (Figure-1p
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The specimens were checked regularly during the exposure time. After the scheduled
timeframe (4 months) thesamples were cleaned and their L*a*b* values were

measured, the average L*&*andeeE v al ues wer e esti mated.

Figure 10-1: SP discs and the printed discs exposed to outdoor weathering

10.3.3 Part Three - Exposure toAmbient Room Environments

Two colaured noses where printed in starch amfdtrated with clear SR S-2 b, after

24 hours lheir L*a*b* colour valuesnvere measurednd the specimens then left on a
window ledgein order to be exposetb sun light atdaytime and ambient roo
temperature and humidity for 1®onths After the testperiod, L*a*b* values were
measured and colour differendes® v al ues f owerebbtamedt wo nose:

10.4 Results

104.1 Part one- Exposure to Accelerated Weathering Gnditions

104.1.1 Group 17 Exposure to 6 weeks accelerated weathering conditions

The average &E value f or texpesur&vitas 128bisnt r ol
comparedt o a @&E value of 28. 7 for the SPI S
demonstrated a sharp reduction in both a* and b* component of the L*a*b* value for
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each individual col our . The detaillesd inf
are presented in Table I0for SP and Table 1Pfor SPIS samples.

Table 10-1: L*a*b* colour values for SP (control) discs before and after 6 weeks
weathering time.

Lab-SP discs before weathering Lab-SP discs after weathering
Shade L* ax b* L* a* b* pE
Caucasian | 70.1 10.4 15.9 72.2 3.9 11.6 8.1
Asian 72.4 7.2 20.8 63.9 4.7 10 14.3
Pakistan 62.4 8.6 16.2 61.4 7.4 18.1 2.4
Caribbean 59.6 19.8 31.4 74.4 2.2 11.8 30.2
African 39.2 5.0 6.5 40.1 4.4 3.2 3.2
Average & SD 12.5+1

Table 10-2: L*a*b* colour values for coloured SPIS discs before and after 6 weeks
weathering time.

Lab-SPIS discsbhefore weathering Lab-SPIS discs after
weathering
Shade L* a* b* L* a* b* pE

Caucasian 76.0 10.6 19.2 81.3 -0.5 11.3 14.7
Asian 70.7 8.9 21.6 84.3 -1.7 7.8 221
Pakistan 68.1 9.2 14.5 77.4 1.7 26.7 17.1
Caribbean 61.8 24.7 30.6 78.9 0.1 11.6 35.5
African 34.7 7.0 3.6 58.4 -7.1 11.8 28.7
Average & SD | 28.7+8.6
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However, L* values which represent lightness, demonstrated a modest increase in
some SP (control) colours after 6 weeks exposure (Figu®, M0here as the SPIS

samples showed a congidble increase in L* values for all colours (Figure3)0

Silicone (control) L*a*b* before (B) & after (A)
weathering

* Caucasian
* Asian

® Pakistan
* Caribbean

= African

do .

Figure 10-2: L*a*b* v alues for SR (control) discs bfore (B) and after (A) 6 weeks
weathering time.

Printed L*a*b* before (B) & after (A)
weathering

: * Caucasian
/ ' ' | ' > Asian

P W Pakistan
'-_u_r Lo
] I s

— a*B —a*A ~ b*A

Figure 10-3: L*a*b* v alues for SPIS (test) samples before (B) aradter (A) 6
weeks weathering time
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104.1.2 Group 27 Exposure to 2 weeks accelerated weathering

The data for the SP discs are presented in Tabl® 10and shows an aver
with 1.8 SD after 2 weeks exposure to the accelerated weatheringjamundhll values

of L* increased after weathering, whereas values of a* and b* decreased except a slight
increase in b* value was shown for African 2 and Caucasian 1 shades as shown in Table
10-3 and Figure 14@.

Table 10-3: L*a*b* colour values for SP (control) discs before and after 2 weeks
weathering time.

Lab - test discs before weathering Lab - test discs after weathering
Clear SP, L* a* b* L* a* b* PE
Coloured discs
African 1 35.7 72 | 84 41.2 4.8 7.9 | 6.02
African 2 43.5 6.6 | 11.2 | 49.6 3.3 16.9 9.0
Caucasian 1 70.6 9.2 | 15,6 | 79.2 3.9 16.7 | 10.2
Caucasian 2 67.7 | 11.2| 188 | 75.7 8.4 159 | 8.8

AverageqpE & S 8.5+1.8

Coloured Silicone discs (control) - 2 weeks

® Caucasianl
* Caucasian2
™ African 1

* African 2

L*-B L*-A a*-B a*-A b*-B
L*a*b* before & after W.

Figure 10-4: L*a*b* values for SP (control) discs befre (B) and after (A) 2 weeks
weathering time.
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The aver age a&E wedkepassurdobthelSBPI® samges and the plain
starch infiltrated with colourethfiltrated SP to accelerated weathering wég4 with
9.4 SD and 2.7 at 0.2 SD respectively (Table4l). A signi ficant r ec
was recorded for the coloured SP infiltrated plain starch discs. The table shows a sharp
increase in the L* value (lightness) for African 1 and CaucasiarndZaatonsiderable
reduction in a* value for all colours after weathering (Figuré&)L0

Two weeks exposure to accelerated weathering showed less effect on colour
stability of the plain (white) starch samples infiltrated with coloured SP for African and
Cauasian shades (Table-#). The samples showed a slight increase in L* values, after
2 weeks. The L* value for the African shade slightly increased from 55.7 before
weathering to 57.1 after weathering, whilst b* value increased from 8.4 before
weathering tdl2.6 after weathering. These increases in L* and b* values were followed
by a slight reduction in a* value, from 8.5 before weathering to 7.7 after weathering.
Similarly the Caucasian shade demonstrated only a very slight increase in L* value,
from 71.4 efore to 72.7 after weathering (Figure-@0

Table 10-4: L*a*b* colour values for the clear SPinfiltrated coloured starch and
coloured SP infiltrated white starch following 2 weeks weathering time

Lab - test discs before weathering Lab - test discs after weathering
Clear SP L* a* b* L* a* b* pE
Coloured discs
African 1 32.2 | 10.0 5.2 52.6 -44 | 109 | 25.2
African 2 42.9 5.6 10.9 42.6 4.7 6.2 4.8

Caucasian 1 72.8 7.2 16.8 73.8 4.3 11.7 5.9
Caucasian 2 65.7 7.6 19.0 74.1 -1.0 | 12.6 13.8

Aver age oE 12.4+9.4

Coloured SP L* a* b* L* a* b* pE
Plane discs
African 55.7 8.5 8.4 57.1 7.7 | 12.6 2.8

Caucasian 71.4 54 12.6 72.6 39 | 11.0 2.5
Aver ageDopE 2.7+0.2
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Test sample- 2 weeks weathering

¥ Caucasianl
* Caucasian2
W African 1

¥ African 2

Figure 10-5: L*a*b* v alues forclear SPinfiltrated coloured starch (test) samples
before (B) and after (A)2 weeksweathering time.

coloured silicon 2 weeks

® Caucasian

¥ African

e E B
L*-A a*-B  a*A b*B b*A
L*a*b* Before and After W,

Figure 10-6: L*a*b* colour v alues for coloured SP infiltraed plain starch (test)
sanplesbefore (B) and after (A) 2 weeks weathering time
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104.2 Part two - Exposure to Natural Weathering Gonditions

The det

ail ed

i nfor mat. i

on

of

t he

L*a*b*

(control) discs and SPIS (test discs) before and after 4hma@xposure to outdoor

weathering is presented in Tables3.@nd 166. Outdoor weathering had a very little

effect

on SP

samples compared
3.6 and 9.0 for SP and SPIS samples respectively. L*a*b* vébudmth groupsthe

t o

SPI S

S

control and the test groups, before and after outdoor weathering are demonstrated in
Figures 167 and 168.

Table 10-5: L*a*b* colour values for SP (control) discs before and after 4 maths
natural weathering time.

Lab- SR discs before weathering Lab - SR discs after weathering
Shade L* a* b* L* a* b* mpE
Caucasian 68.7 9.9 17.3 69.4 5.0 14.1 59
Asian 73.8 4.8 14.2 72.3 3.3 13.7 2.2
Pakistan 63.7 7.1 13.6 62.2 5.6 11.9 2.7
Caribbean 60.2 10.7 31.4 59.2 7.1 28.6 4.7
African 41 5.0 5.7 38.4 4.9 5.8 2.6
Average & SD 3.6t1.6

Table 10-6: L*a*b* colour values for SPIS (test) discs before and after 4 months
natural weathering time.

Lab- SPIS discs before weathering Lab - SPIS discs after weathering
Shade L* a* b* L* a* b* pE
Caucasian 74 115 21.6 75.6 0.3 20 11.4
Asian 71.9 5.1 115 68.1 5.2 12.3 3.9
Pakistan 63.7 9.9 16.9 64.7 -0.4 19 10.6
Caribbean 60.7 22.8 31.2 60.1 12.7 31 10.1
African 41.8 7.1 6.5 43 -1.5 8.2 8.9
Average & SD 9.0+3
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The greater changes for both SP and SPIS samples were in a* value, where as both L*
and b* values has shown no changes. The results showed a sharp reduction ia a* valu

of some shades such as Caucasian, Pakistan and African for SPIS samples; this
indicates that SPIS samples lose colour faster than SP samples under the effect of

natural weathering.

SP-L*a*b* befaore [B) & after [A) 4 months weathering

¥ Caucasian
¥ Asian

® Pakistan
¥ Caribbean

® African

Figure 10-7: L*a*b* colour values for SP (control) discs before and after 4 months
natural weathering time.

SPIS-L*a*b* before (B) & after (A) 4 months weathering

¥ Caucasian
® Asian

® pPakistan

¥ Caribbean

® African

Figure 10-8: L*a*b* colour values for SPIS (test) discs lefore and afeer 4 months
natural weathering time.

184



10i Colour Stability araeBon Zardawi

104.3 Part threeT Exposure to Ambient Room Environments

Figures 169 show the differences in colour immediately after printing/infiltrat{én

and after 18 months exposure to ambient room envieots(B) i light, heat, cold and

prio.
fabrication and after 18 months of normal lifetime. The only detectable change was in

moisture. Table 10 shows the L*a*b* value and @E for t wo

the L* value of one of the samplespm 63.3 at fabrication to 70.4fter 18 months

lifetime.

Tablel10-7:L*a*b* val ues nose

18 months lifetime

a n dampieEat fabechtioreand atier

L*a*b* Value at fabrication L*a*b* Value after 18 months
L* a* b* L* a* b* pE
63.3 13.4 11.6 70.1 14.4 14.2 7.3
70.0 14.1 12.3 72.7 14.8 13.8 3.2
Aver age 5.2

It is acknowledged that although objective L*a*b* values have been obtained from

test/ exposure conditions thes

tdhaxaelerated wehthering metkodst h e r

Therefore, it can be suggested that the SPIS formulation can resist colour change and is

subjective

l i feo more <closely

adequate for the purpose of real life service.

Figure 10-9: The noses tafabrication (A) and after 18 months (B)
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10.5 Discussion

Several reports have debated the validity of using artificial weathering to simulate
natural weatheringonditions as is mentioned irh@pter 6(Haug et al., 1999b, Haugg

al., 1999a)The main criticism is thahe two methods do not represent the real life use
of facial prostheses.

The outdoor weathering provides a natural aging mechanism but this method has
no control over th deterioration factors, whilshe accelsmted methods an extreme
testing method ovea very short time frame but it does hawentrol over the aging
factors. Both methods were applied in this study as they are the methods usually used
for testing the effects of UV light, humidity and temperatwn the optical and
mechanical properties of the materials used for soft tissue prostheses.

The data obtained from these studies indicate that all disontrol and test
samples lost some of their colour, and they were bleached under the effect btV
and other weathering factors. There was a shift towardin 3 samples in the SPIS
discs after 6 weeks exposure to accelerated weathering, which indicates a shift from the
red to the green part of the colour spectrum. Furthermore, b* values @isashd
sharply, which indicates a shift from the yellow to the blue part of the spectrum as
shown in Table 12 and Figure 1{B. An atypical value can also be noticed in this table:
the considerable increase in b* value of the Pakistan shade from &% tdHowever,
the other samples in the same group showed a remarkable decrease in the b* values.
Furthermore, the pure SP (control) samples demonstrated a slight increase in the b*
value of Pakistanis, though all other b* values within the same groupeshaw
considerable reduction (table-1{.

The considerable colour loss in SPIS samples was probably due to the extreme
weathering condition used. We understand from the equipment documentation and
previous investigations that 6 weeks exposure to acoeteratathering equates to
approximately 12 months exposure to outdoor weathering and even more within the
lifetime of existing prostheses. Therefore, the testing duration may have been too
long/extreme for this purpose, particularly for starch infiltratéidosie samples. As a
result of this, further investigations were undertaken to assess aeshomrtxposure to

UV and weathering condition to equate to approximately 4 months of outdoor natural
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weathering conditions. Furthermore, a 4 month timeframe tfoou weathering was

applied to assess the effect of outdoor weathering on colour stability of the samples.

Two weeks exposure demonstrated less colour fade than 6 weeks for both SP and SPIS
samples. Generally there was a slight increase in L value ahghareduction in a*

ad b* values; the average o@E for the cor
12.4 respectively (Tables 4Dand 164).

The results of Four months exposure to outdoor weathering conditions showed
that 2 weeks exposure to accelerated weathering causeddamage to SP and SPIS
samples than 4 months exposure to natural weathering. This indicates that 2 weeks
exposure to artificial weathering is not correspondmng months natural weathering, i
should be equivalent to 6 months or a yaad thisisdepndent on pati en
circumstances

Colour fading occurs naturally and, in the case of existing prostheses, as a result
of photcoxidative attack of the polymers by UV radiati@@hen et al., 1981, Lemon et
al., 1995) However, in this case it is interesting to note that even the control samples
consisting of pure silicone were affectednd significantly so.

Visual evaluation of two silicone polymers, Silastic 732 RTV and Silastic MDX
4-4210, by Mancusotel. (2009) following exposure to accelerated aging showed both
silicone polymers behaved similarly in losing their pigments due to the aging
mechanism. Furthermore, the time factor was strongly related to pigme(iVimssuso
et al., 2009a)A similar study by Eleni et al. (2009) showed colour loss of maxillofacial
silicone polymer on exposute artificial weathering; results were also dependent on the
irradiation time and the basic colours of the sample; African colour was less affected by
irradiation; in general, colour change was clinically acceptébl&leni et al., 2009)
Santos et al. (2010) investigated the effect of three weathering exposures: 252 hours,
504 hours and 1008 hours on MDX210; results showed statistically significant
differences between the 3 time periods used for tedtm@ffect of aging mechanisms.
Furthermore, exposure to 1008 hours showed a higher influence on colour alteration
(dos Santos et al., 20). Moreover, numerous studies have indicated the deteriorative
effect of natural and artificial weathering on the optical properties and colour instability
of maxillofacial silicone polymergHaug et al., 19994&jlaug et al., 1999b, Eleni et al.,
2009a, Mancuso et al., 2009a, Hatamleh and Watts, 2010b, dos Santos et aha2€10)
all reported different degrees of colour change under natural and artificial weathering
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conditions. Furthermore, their results werg@eledent on the duration of exposure, the
nature of the weathering condition and type of maxillofacial SPs armbibvantused.
Coloured SP- plain discs showed even better resistance after 2 weeks exposure to
accelerated weathering conditions. Colouffedences before and after weathering
showed 2.65 @E value, which is considere
Human eyes detect colour differences whe
these values may be susceptible to repeataiBkues when measuring the values with
the spectrometer but these issues should occur consistently across the groups. These
investigations revealed that test samples impregnated with coloured SP consistently
produce reduced &E vsiahtuodJ¥ light@ardt othepvpeatrering mo r
conditions. This demonstrates that they are potentially more durable than pigments or
dyes incorporated into the starch discs during printing as part of the print/binder
combination. This would be comparable to theepGP samples and therefore may
suggest that colour stability could be improved by applying a coloured silicone to
neutral starch models.

In contrast, prolonged exposure (18 months) of the printed prostheses to
Anat ur al 0- colowned statch filaged with clear SP, has shown that the
deterioration in colour is comparable to those seen with existing prostheses. As

expected, a slight change in colour does occur beyond this time frame.

10.6 Conclusion

1- Accelerated weathering conditions caused a cenaide change in the optical
properties ofboth SP andSPIS cdoured samples which was depentd®n the
exposure time.

2- Natural weathering conditions caused a very slight change in the colour of SP
samples and a higher change in SPIS coloured samples.

3- fiReal lifed exposure appears to have little effect on colour stability.
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11 Biocompatibility of the Materials
Used for Printing Soft Tissue
Prosthese$**
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11.1 Introduction

The word biocompatibilityrefers to the ability of an element to operate with an
appopriate host response in a certain situat{@villiams, 1987) Biocompatibility
analysis is performed for materials that are either placed in contact with the skin or
implanted inside the body. The body reacts to these aksme different ways
according to their location within the body and materials usHake issue of
biocompatibility is considered highly criticaimplant materials must be testatl an
early stage of developmefdr their biocompatibility and theiability to coexist with
human tissueKammula and Morris, 2001)

Biocompatibility/cytotoxicitytestingis performed by cell culture assay in order
to investigate the toxic effect eohedical devices and implant materials on human cells
by applying one or moref the following methods; scanning electron microscopy,
enzyme assay, cytokine expressidTT, LDH and Alamar Blue assay.

The Alamar Blue asay is designed to determine cell line proliferation for
different types of living cells. This assay displays ¢iotoxic levelof an agent among
different chemical classe@-ields and Lancaster, 1993} is a straightforward cell
vitality assay.a rapid, reliable and neradioactive assay which requires a minimum of
80 cells to show positive resulfahmed et al., 1994)The Alamar Blue assay provides
the essential da for predicting the cytotoxic effeof a novel agent by coparing these
data with knowrin-vitro data(Fields and Lancaster, 1993)

Recently severalmodek of 3D printers have been developed and
commercialied bythe Z-corporation the Z510 is one of thesprintersthat utilize a
natural polymer such as cornstarch and water based binder for printing 3D parts.
However, the powders and the binders employed by the pargersed for industrial
rather than medal applicationgLam et al., 2002)To date, these materialgve not
been investigated for use in medical applicatidinsrefore, it was necessary to perform
the biocompatibility testor the materials useih the manufacture ofoft tissue facial

prostheses
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11.2 Aim

The aim of this study was to assess the
starch powder 0ZP15e6 used irgypofttissue faddab 1 0

prostheses.

11.3 Materials and Methods
11.3.1 Part one- Biocompatibility of the Binders

The biocompatibility of the binders was tested on two types of cells stored in liquid
nitrogen the at osteosarcoma derived cells ROS 17(2/jeska and Rodan, 1982)
and L929 cells, derived from an immortalized mouse fibroblast cell (@echrane et

al., 2003) Three concentrations (0.1%, 0.58d 1.0%) of the four binders (clear,
yellow, cyan and magenta) were used fbe cell vitality assay.The hocompatibility

assay included sevemdifferentprocedureswhich carbesummarised as follows
11.3.1.1 Growth medium preparation:

500 ml of Complete growth mediumvas prepared bwdding50 ml of bovine calf
serum (BCS), 5 ml of glutamine and 5 aflP/S (penicillin and streptomycin) #&0ml
of DMEM (Dul becco' s MMaliunm)ie d stefla lopttles Staged 4fC and

to be used within 4 weeks.
11.3.1.2 Cell cultur e procedure:

1) ROS cells and L92%ells were obtained from stocks stored in liquid nitrggen
recovery ofthe cells wasperformedby warming up the vials in a water bath3¢°C
and shaking the vials until 80%dthawed.

2) ROS and L929 alls were cultured ina Complete growth medium, cell suspensions
wereaddedto two 6 F a | % anhcdlture flasksfor each cell typeand incubated at
37°Cin a humidified atmosphe 5% CQ and95% G for 72 hours.

3) After the incubatiorperiod the flaskswere checked under the light microscope for

monolayer cell growth, then the medium was discarded, anfiladie werewashed
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twice in 5 ml phosphate buffered salinePBS. 2 ml of Trypsin
Ethylenediaminetetraacetic ac{d@rypsinEDTA) was added to the flasks and the
flasks were incubated for8 minutes to allow the cells to split.

4) Two ml of BCS was added to the flasks in order to stop the action of tryplsen
flaskswerethen gerly rinsed several times bgrawingthe liquid and dropping it
back again gently to run against the bottomttee flaskin order to detach the
remaining cells

5) The @ll suspension was transferredath5 ml tube, and centrifuged at 1000 RPM for
5 minutes Then, the conterfsupernatantyvas discarded leaving the cells densely
attached to the bottom of the tube. 10ahfgrowth medium was added to the tube

andthe tube washake gently in order to achieve homogeneous cell suspension.

11.3.1.3 Cell counting procedure:

1) A haemocytometewas used for this purpose, 10 micro litres of cell suspension was
placed inside and allowed to drain completely beneath the cover slip.

2) The cells were counted systematically in four selected squares using the manual
counter. Ony live cells were counted; those cells reflected light and appeared shiny,
whitish and spherical. Dead or damaged cells, which appeared blue and showed
shrinkage of the outer walls, were ignored. The total number of cells in those squares
was calculated ahdivided by the number afquares in order to obtain theerage
number of cells in each square.

3) The number of cells in 1 millilitre of the original suspension was calculated by

applying the following formula

Cells/Aml = n x16

Where n is the avage cell count per square

Cell density was calculated using the following formula:
Cell density (el /ml) = (1.25 [/ n) x 10
Where 1.25 is the dilution factor
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11.3.1.4 Cell vitality assay.

A 12 well plate was used for each bindefclear, yellow, magenta and cyaahd
1.75x10d of eachcell (ROSand L929)in medium was added to each wédlhe plates
were incubated at 37°C for 48 hours at 5% @@l 95% Q. After the incubatiomeriod
the medium was discarded and the cells were exposed to three concen(la@®ms
0.5% and 0.1%o0f each of the four binders (clear, yellow, magenta and aegagrpwth
medium, then the plates were incubate@®C for 3 days, 5 days and 7 days. Control

groups (cells and medium) also were seefachtype of cells
11.3.1.4.1Day 3

Following 3 days exposure to the different concentration of the dyes, unattached cells
were removed by washing the monolayer with RBse, then one ml of 10 %lamar

Blue (Invitrogen, UK) in mediumvasadded to each welind theplateswereincubated

for 2 and 4 hours. After the incubation peri@d® ¢ [for each test and control sample
was placed into 9vell plates(Greiner BieaOne, Germany). fAe fluorescence intensity

was measured using a fluorescent plate reader (B®n#00 PRO, Tecan, Reading,
UK) at an excitation wavelength of 8hm andan emission wavelength 600 nm.

113.1.4.2Day 5 andday 7

As onday 3, at day 5 and day 7, the cells in 1Revell plates were wagld with PBS.
Then, 1 ml of 10% AamarBluein medium was added to each well and the plat®
incubated for 2 and 4 hours. After each incubation ti2z@€e | s awere Iplaced
into a 96-well platein orderto measure the fluoresaaintensity.

11.3.2 Part two - Biocompatibility of the Starch Powder

As in part one, biocompatibilitpf the starch powdewas investigated bguspending
thed Z P 1pdvedérin sterile PBS and testing three concentrations (0.025, 0.05 and 0.1
mg/ml) on two cell lines (ROS osteoblasts and L929fibroblasts)(Rae et al., 1989)
120x10 ROScells in 1 ml DMEMand 5.2%10" L929 cells in 1 ml DMEM per well

were culturedThe cells were exposed to the thoemcentrations ir12 well plates and
incubated aB7°C, for3, 5 and 7 daykours at 5% C@and 95% Q. Nextthe cells were
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treated with10% Alamar BlugInvitrogen, UK)and incubated fo2 and4 hours At the
end ofthis time, 200 lfrom each tesand control samples wadaced into a 96vell
pl ate, and itheepsiorgsceneach well was me:
reader(Infinite® 200 PRO, TecaJK) at an excitation wavelength o6& nm and
emission wavelength of 60nm. Starchtoxicity was measured as a compansagainst
the uninfected media ar@llso n Icgntrod
Statistical analysis: one way ANOVA was conductearnalyzethe toxic effect
of the starch powder on the cell lines and to compare the effects ofhrbe

concentrations of the starch powder with

11.3.3 Part three - Biocompatibility of Manufactured Prosthess

11.3.3.1 Histological examination:

The method used to assess the biocompatilofitynanufactured prostheses on intact
tissuewas anin vitro 3-D human skin tissue modeEpiDerm. The tissue samples were
obtained from MatTek Corporation (USA). The system consists of cultured normal,
humand er i ved epider mal keratinocytes, whi
differentiated modl of the human epidermis.

Histological examination was undertaken to evaluate the effect of direct contact
between the sample/specimen and theh8an skin tissue modeTest specimens in
the form of small discs of 2.5 mm diameter and 1 mm thickness pvepared from
pure SP (sample A) and colour print8&1S (sampleB). The specimens were kept in
contact with the EpiDerm fasne hour Histological examination was undertaken of the
test specimens and control specimens (EpiDerm alone) to record theodicstol
changes that occurred in the 3D tissue model as a result of direct contact between the
test samples and the EpiDerm compared to the EpiDerm alone (control saififikes).
investigation allowed visualization of any potential disruption/destructiontloé cells

within thein-vitro skin model.
11.3.3.2 Methylthiazol Tetrazolium (MTT) A ssay

The MTT assay is a convenient, consistent and safe method for determining the number
of live cells and their activity following exposure to a stimulus (chemical, thermal,

molecular, etc). The MTT assay is a colorimetric assay that relies on the enzymatic
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reduction of a yellow tetrazolium salt to a purple formazan derivative in metabolically
active cells. The formazan can then be analysed using a colorimetric signal at 570 nm.
The outcome is a linear optical density value that is directly proportional to the cell
number and activity.

The mediunthatwas e moved from the 3D tiwasue m
used for MTT assay and LDH assay after 12 and 24 hatre MTT wasdissolved in
phosphate buffered saline PBS at a concentration of 2.5 mg/ml. A supplemented
medium was added to itaf@00e | ) of t he wasgandferredo3pwello | ut i
plates and absorbance was recorded ainB6Qsing the microplate spectrophotometer

system
11.3.3.3 Lactate Dehydrogenase (LDH) Asay:

The lactate dehydrogenase (LDH) assay can be used as an inditatl membrane
integrity and therefore serves as a general means to assess cytotoxicity resulting from
exposure to chemical compounds or other toxic products. LDH is a soluble cytosolic
enzyme that is released following loss of cellular membrane intefyjo either
apoptosis and/or necrosis. The assay measures LDH concentrations usingteptwo
coupled reaction. In the first step, the LDH released catalyzes the reduction 6fttNAD
NADH and H by oxidation of lactate to pyruvate. In the second stepn#wly formed
NADH and H are used to catalyze the reduction of a tetrazolium salt (INT) to a highly
coloured formazan derivative which absorbs strongly at3#8Dnm. Again this is an
optical density value that is linear and directly proportional to lthesl of cell
death/inactivity. One way analysis of variance ANOVA used to analyse the optical

densityof the mediunafter 12 and 24 hours

114 Results
11.4.1 Part one- Biocompatibility of the Binders

After the incubation period the plates showed a changelauicfrom blue to red in all
control and most of the test plates. This conversion is a reflection of cell vitality and
continued cell growth in the medium that leads to reduction offilmorescent blue dye

resazurin to fluorescent red dye resorfyNimkayama et al., 1997, Lancaster and Fields,
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1996) The detailed information of the Alamar Blue assay is presented in Tafbléot1
ROS cells and Table 12 for L929 cells; the tables demonstrate the effect of the 3

concentrations of the four binders on these cells at days 3, B and

Table 11-1: Alamar Blue assay for the binders on ROS cell lines

Concentration Control and Test Samples Fraction
ROS- Day 3
Control Clear Cyan Magenta | Yellow
0.1% 100 88.4 102.8 100.1 93.1
0.5% 100 90.4 99.9 100.2 106.9
1.0% 100 58.0 97.6 101.2 102.1
ROS- Day 5
0.1% 100 98.4 100.6 96.2 97.5
0.5% 100 69.6 83.7 86.5 85.5
1.0% 100 69.2 80.9 77.3 81.8
ROS - Day 7
0.1% 100 111.2 110.6 118.3 109.8
0.5% 100 9.6 59.9 100.1 59.3
1.0% 100 0 12.7 33.2 36.5
114.1.1 Day 3

At day 3, ell vitality assay showed normal cell growth for both cell lines for the three
concentrations of the four binders compared to their control groups (Fiyltiesind

11-2). Furthermore, photographs were prepared for the different cell lines under light
microscopy for the four inks at different concentrations and for the control wells, some

of these photographs are demonstrated in FiglLi€sto 118.
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Table 11-2: Alamar Blue assay for the binders on L929 cell lines

Concentration Control and Test Samples Fraction
L929 - Day 3
Control Clear Cyan Magenta | Yellow
0.1% 100 92.9 95.4 92.0 93.6
0.5% 100 94.2 96.1 94.1 94.0
1.0% 100 87.9 99.2 98.4 101.7
L929 - Day 5
0.1% 100 98.4 100.6 96.2 97.5
0.5% 100 69.6 83.7 86.5 85.5
1.0% 100 69.2 80.9 77.3 81.8
L929 - Day 7
0.1% 100 65.41 81.5 74.0 106.6
0.5% 100 36.3 56.2 75.3 82.3
1.0% 100 0 39.1 104.6 41.1
DAY 3
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Figure 11-1: Alamar Blue assay of ROS cells for the four binders at day.3
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Figure 11-2: The Alamar Blue assay of L929 for the four inks at day 3

Figure 11-3: Light microscopy of L929 cell line for control well

Figure 11-4: Light microscopy of L929 cell line at 1.0% cyan binder
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Figure 11-5: Light microscopy of L929 cell line at 0.5% magenta binder

Figure 11-6: Light microscopy of ROS cell line for the control group

Figure 11-7: Light microscopy of ROS cell lines at 0.1% clear binder
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Figure 11-8: Light microscopy of ROS cell lines at 0.1% magenta binder

114.1.2 Day 5

All cell line growth for the four binders dashown a similar level of growth and cellular
activities at all concentrations. There was a slight reduction in cellular activities for both
types of cells after 5 days exposure to 0.5% and 1.0% concentrations of the four binders

as presented in Figure$-9 and 1110.

Figure 11-9: Alamar Blue assay of ROS cells for the four binders at day.5
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