Original Article

Color Stability of Facial Silicone Prosthetic Elastomers
after Artificial Weathering

Panagiota N. Eleni*, loanna Katsavou*, Magdalini K. Krokida**, Gregory L. Polyzois***

ABSTRACT
Background External prostheses exhibit an unwanted color chavgr time. Color deterioration gf
prosthetic elastomers affects the life expectarfcfacial prostheses in a service environment. The
effect of different pigmentation and irradiationrdtion on color stability of four silicone elastors
after artificial weathering was investigated irstetudy.

Methods The materials used included four different pigreenindustrially synthesized RTV (roo
temperature vulcanizing) silicones. The materidlesen in this study were representative silicgne
prosthetics that are widely used in the last dedadeaxillofacial prostheses. Artificial weathering
was performed in a weatherometer of total radiaergy 1.35 W/rh (UVA — UVB). The samples
were exposed in eight different periods (8, 24,78,96, 120, 144, 168 hours). L, a, b readingewer
obtained before and after weathering from a sppbttometer to define color changes. Color
changes were calculated from the following equatith = (AL? + A&® + Ab%)Y%. The data were sub-
jected to two-way analysis of variance at a sigaifice level oft = 0.05. Also, simple mathematic
models were developed for color changes.

Results The results showed that color changes dependradiation time and initial color of sam
ples. Episil Europe 1 and Episil Africa 3 were ititad as the most stable materials since theiorcg
changes were not eye detectable. Contrary to raddepisil Europe 2, 3 that showed significgnt
color changes.

Conclusion Artificial weathering caused significant, eye daédble, but yet still clinically acceptabl
color changes in the examined prosthetic silicdastemers due to deterioration that occurs throligh
irradiation.
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Introduction

Medical materials for facial prostheses have been vice environment and degradation of physical, stat-
widely used over the past decades to replace miss-ic, and dynamic mechanical properti&s.

ing or damaged facial parts, which have been lost  One of the most desirable performance charac-
or changed due to genetic disorder or because ofteristics of an ideal facial prosthetic is the épilo
disease or trauma. Although the elastomers used inwithstand color change when exposed to sunlight
facial prostheses have the required physical and over an extended peridd.Degradation in appear-
mechanical properties, they still experience sariou ance, due to changes in color or physical proper-
problems that can be grouped into two major cate- ties, is the main reason for replacing a faciakpro
gories: gradual discoloration of prostheses inra se theses. Clinical studies demonstrated that the
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average life span of maxillofacial prostheses % 1.
to 2 years;® mostly because of discoloration and
decreased patient satisfaction with external pros-
theses within the first 3 years of servid/eather-
ing is the adverse response of a material to cimat
often causing unwanted discoloratiSrThe three
primary factors of weathering are solar radiation,
temperature, and water (moistut®j: The amount

of each factor as well as different types of solar
radiation, different type phases of moisture and
temperature cycling all have an effect on materials
Other factors that also act to cause color chaimges

despite the fact that still exhibit some undesgabl
characteristics. The materials most often used are
the new silicone elastomers, which have achieved
wide clinical acceptance. Silicone elastomer be-
came commercially available in the late 1950s,
however this material remains the most commonly
used to the present d&yThere are many advanta-
geous characteristics of silicone prosthetics that
consecrate silicone as the most suitable material
for facial prostheses such as good biocompatibility
and biodurability, wide service temperature range,
non-adhesive properties, low toxicity, possible-opt

the prostheses are air pollutants, routine cleaning ical transparency, low chemical reactivity and ex-

and patient mishandling.** Photo degradation that
occurs primarily due to UV-radiation appears to

cellent resistance to attack by oxygen, ozone and
sunlight®

cause the most serious and observable changes in Silicone elastomers are more color stabien
these materials, so the research has focused on ir-other materials used in maxillofacial prostheses

radiation effects!'* Over the past decades, several

research studies were conducted to evaluate theof those materials under

color stability of maxillofacial prosthetic mate-
rials»>®**8 emon et al’ investigated the effica-
cy of a UV light absorber on the color stabilityaf
facial elastomer. Spectrophotometric analysis was

thus many authors investigated the color stability
weathering condi-
tions®8173233 Although they are widely used,
these materials too, are far from ideal. The main
aim of this study was to evaluate the color stgbili
of four different pigmented silicone prosthetics

performed to assess color changes and to deter-after exposure to UV radiation.

mine the effects of artificial weathering and out-
door weathering on color stability. Sweeney et al.
evaluated the color stability of maxillofacial pros
thetic materials under artificial weathering. Since
then, reflectance spectrophotométy’®?? and
optical densit§'®*#*have been used to evaluate the
color stability of maxillofacial elastomers. Other
factors that affected the color of facial prostbeti
were investigated in the literatuf?’ Discolora-
tion in those materials incur primarily due to aitr
violet light but the surface and marginal deteriora
tion is more likely due to use of adhesives and the

Materials and Methods

Episil silicone prosthetic elastomers (Dreve-
Dentamid GmbH, Unna, Germany), an addition-
type RTV (room temperature vulcanizing) elasto-
mers, were examined in the current study. Their
basic structure unit is siloxane. Those silicone fa
cial prosthetics were selected as they are common-
ly used for maxillofacial prostheses. The material
is provided in a disposable twin-cartridge system
with a platinum hardener and a mixing ratio of 1:1.
It is processed in dental stone molds using a dry

subsequent patient cleaning and handling. Some of heat oven for 1 hour at 100°C. The four different
these problems such as deterioration of the mar- pigmented silicone materials are listed in Table 1.

gins, do not occur in implant-retained prosthé8es.
In addition, silicone facial prosthetics revealaol

The composition of the four silicone elastomers
and their basic structure is the same. The differ-

changes because their surface is porous and irregu-ence between them appears in their color agent as

lar, which allows collection of microscopic debris

in the pores. It has also been known to harbor bac-

teria and fungi that have inherent caloSkin se-

cretions, mouth rinse and other solutions are also

responsible for the observed color charf§és.
Materials for facial prostheses over the years in-
clude latex, polymethacrylates, polyvinylchlorides,
chlorinated polyethylene, polyurethanes silpheny-
lene and silicone elastomérsMost of these mate-
rials were improved and used as facial prosthetics

72

it is shown in figure 1. Ten rectangular specimens
(2 X 1.5X 0.33 cm) from each material were fa-
bricated.

Artificial Weathering — Irradiation

Polymeric materials that are used for external max-
illofacial applications are subjected to attackityp
cally by ultraviolet light, oxygen, and water. No
single light exposure apparatus can exactly siraulat
natural exposure but it is a good approximation.
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Table 1. Silicone facial prosthetics used.

Material Type Manufacturer Coding

Episil Europe 1 Addition reaction Dreve-Dentamid GmbH, epeul
Unna, Germany

Episil Europe 2 Addition reaction Dreve-Dentamid GmbH, epeu2
Unna, Germany

Episil Europe 3 Addition reaction Dreve-Dentamid GmbH, epeu3
Unna, Germany

Episil Africa 3 Addition reaction Dreve-Dentamid GmbH, epaf3

Unna, Germany
*All tested materials contained color pigments, thatt the manufactures did not provide details abiwa
pigments used.

the CIELAB color system. The CIELAB system
uses the three dimensionless colorimetric parame-
ters L, a, b whereby "L" indicates the brightness,
"a" describes the red-green content and "b" the yel
low-blue content. Figure 2 is defined graphically
the CIE LAB system. The samples were able to
serve as their controls, as they were not damaged
Figure 1. The four different pigmented silicone facial or otherwise affected by the measurements and
materials used. could be measured before and after test conditions.
Color difference AE) was calculated according to
The specimens from each color were artificially equation 1.
aged in a weatherometer (Rayonet photo reactor, _ 2 24172
Southern New England Ultraviolet Company, AE = [(AL)* + (Aay + (AbY’] (1)

Brandford, CT) and eXposed to ultraviolet I|ght WhereAL’ Aa andAb are Changes in L, a and b’
(UVA-UVB). The test was run for a total radiant respectively, between the interval of interest and
energy of 1.35 W/fy and the conditions of humid-  paseline, andE* is the color differencé®

ity and temperature were 20% and 40-45°c, respec-

tively. The total exposure time was 168 hours 100

(eight different measurement moments - 8, 24, 48,

72, 96, 120, 144 and finally, 168 hours). Ultravio-

let radiation induced radical formation mechan-
isms, which involve either permanent chain scis- _,

EPISIL EUROPE 1 EPISIL EUROPE 2 EPISIL EUROPE 3 EPISIL AFRICA 3

+b
sion or radical recombination to form structural
irregularities in the specimens’ chains.
Evaluation of color
Color changes were evaluated with a MiniScan XE  -p *a

spectrophotometer (Hunter Associates Laboratory
Inc, Reston, Virginia), with a measuring head aper-
ture of 4 mm in diameter. It is a reflectance mea-
surement spectrophotometer with laboratory in-
strument performance. Diffuse/8° geometry is
available. The spectrophotometer was calibrated
according to the manufacturer instructions, using
the supplied black and white calibration standard.
For each sample, three repeated measurements AE values indicate the total color changes. As it
were taken to determine the colorimetric measure- resulted from equation 1, an incrementA& indi-
ments L, a, b. Values were carried out according to cates greater color changes. There is a difference

Figure 2. CIELAB color system
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between observable and clinically acceptable val- experiment, yis the predicted value of the model
ues of AE concerning to facial prosthetics. The for the " experiment, nis the number of replicates
relationship between perceptibility and acceptabili in the I" experiment, and N is the total number of
ty was detected because color differences that areexperiments. The residual sum of squares, SST,
only just visually perceptible under experimental consists of the lack of fit sum of squares, SSR, an
conditions are not necessarily clinically unaccepta the pure error sum of squares, SSE:

ble3* In the present study a color changeE,

greater than 2 was considered as eye detectable an&ST = SSR+ SSE (4)

aAE greater than or equal to 3.3 was considered as

clinically unacceptabl®® A 2-way analysis of  where:

variance (ANOVA) was performed for the color N

changes AE) with the factors of exposure period - (1)) — v )2 (5)

(eight different periods - 8, 24, 48, 72, 96, 1244 SR Z:l:n, @ =¥)

and finally, 168 hours at 1.35 W#mand initial

color (four different pigmented silicone elasto- N n

mers). Then, 2-way ANOVA and the Duncan’s SSE=) > (¥, —¢,)° (6)
multiple range tests were used to detect significan i=1 j=1

differences between the groups. All analyses were N

computed with SPSS for Windows software (SPSS - :

16.0, SPSS Inc, Chicago, lll.). A significance leve and & ]Z:;,l/’., (7)

of a = 0.05 was selected.

The standard deviation between experimental
and predicted valuesz&nd the standard experi-
mental error, § can then be calculated from the
following equations:

Mathematical Modeling

Several mathematical models were used in order to
predict the value ofAE according to irradiation
time. As the irradiation time was increasings
seemed to increases too. The following equation _, (8)
depicts well this behavior: Sk =SSR/(N - p)

AE = AE,*(t, / )5 @) St =SSE/(M - N)

WhereAE,, k;., are constants

(9)

t, is the irradiation time N
t, is the reference timey(t 85) M = Zn (10)
i=1
Regression of the mathematical model where p is the number of parameters. A model is

The parameters were estimated by fitting the ma- considered acceptable if the standard deviation,
thematical model to the experimental data using SR, between experimental and predicted values is
direct nonlinear regression. This procedure close to the standard experimental errer, S
presents several advantages over indirect nonlinear

regression. Linear regression on the other hand, Results

can give highly erroneous results and should be The AE for color change of the four pigmented
avoided® The method of direct nonlinear regres- silicone elastomer after different irradiation tsne
sion estimates the parametais and k., by fitting are presented in table 2. The ANOVA for the ef-
equation 2 to all experimental data. The parameters fects of irradiation time and materials on color
are estimated by minimization of the residual sum change AE, is shown in table 3. The analysis re-

of squares SST" vealed that both irradiation time and type of ma-
N N 5 terial are statistically significant (P < 0.001)dan
SST ZZZ(‘//” ) (3) had a significant influence on color changes. The
==L irradiation time factor seems to have the strongest
wherev; is the experimental value of the depen- effect (F = 161.05). F value is critical to decide
dent variable 4E) of the |" replicate of the "l which factor may have the greatest effectAdh
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Table 2. AE (SD) for color changes of the four different pigrtezhsilicone elastomers after irradiation in eigétiods.

Materials
Irradiation time
epeul epeu2 epeu3 epaf3

8 0.29 #(0.035) 2.51°(0.019) 2.16"(0.045) 0.63 #(0.032)
24 0.69 #(0.003) 2.90"(0.029) 2.60°"(0.040) 0.94°(0.043)
48 0.96 2(0.033) 3.12°(0.091) 2.86"(0.016) 1.13%(0.067)
72 1.19%%(0.021) 3.207%(0.042) 2.91"™*(0.040)  1.40 **(0.036)
96 1.26**(0.064) 3.23%%(0.081) 2.93"%*(0.018) 1.52 **(0.052)
120 1.43%*(0.058) 3.25%Y(0.039) 2.95"Y(0.017) 1.66 *Y(0.034)
144 1.46*%(0.016) 3.22"Y(0.030) 2.95>Y(0.014) 1.82 *Y(0.089)
168 1.69°(0.012) 3.21°(0.023) 2.90"(0.090) 1.992(0.008)

a - b: Means with the same letter in rows for re§pe material were not significantly differernt € 0.05).
X - y: Means with the same letter in columns &spective irradiation time were not significantlffetent (@ = 0.05).

The interaction between them was investigated thematical model foAE (equation 2) that was used
using Duncan’s multiple range tests that also iden- are summarized on table 4. The standard deviation
tified differences between groups and are clearly Sg, was found to be about 1.5 times greater than
shown in table 2. As it shows, the initial color af the pure error standard deviatiop, &nd the ma-
fect differently AE but some of the irradiation thematical model predicted well the discoloration
times have similar effect on the color changés. that occurred due to irradiation. According to the
curves obtained from equation 2 presented in Fig- defined criterion above, for perceptible color
ure 3 as a function of irradiation time. The curves changeAE, the color changes of Episil Europe 1
indicate that the color changes are significant for and Episil Africa 3 samples were not even eye de-
all the materials and increase while the irradratio tectable as it is shown in figure 4. Whereas Episil
time increases too. The materials with the lighter Europe 2, 3 samples presented visible eye color
and darkest initial color, Episil Europe 1 and Hpis differences but not clinically unexpected changes.
Africa 3, respectively, have the less color changes Nevertheless, according to CIELAB color system,
contrary to the middle colored samples, Episil Eu- all the samples had color changes since all values
rope 2 and 3. The mathematical model was fitted to of AE were above 1 for all the irradiation periods
the experimental data, which were received from except Episil Europe 1 and Episil Africa 3 samples
equation 1 using the colorimetric measurements L, that endorse the conclusion that these samples are
a, b. The results of parameter estimation of the ma the most color stable.

Table 3. Two-way ANOVA of color changeAE.

Source Df Sum of squares Mean square F value P value
Irradiation time 3 6.858 0.98 161.050 0.000
Material 7 46.492 15.497 2.548 0.000
Interaction 21 0.996 0.047 7.796 0.000
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Table 4. Parameter estimation for color changés and standard deviations.

Mathematical model constants Standard deviations
Type of material

AEO k1_4 SR SE
epeul 1.22 0.45 0.48 0.35
epeu?2 3.16 0.07 0.50 0.43
epeu3 2.83 0.07 0.51 0.42
epaf3 1.49 0.40 0.46 0.29

Discussion who had their prostheses remade within one year,

The color changes of tested silicone materialg afte 29% had returned for new prostheses due to color
UV artificial aging was investigated. The percepti- change$. As indicated in a clinical research, the
ble color changes may compromise the clinical patients are really anxious about their facial pros
acceptability of maxillofacial restoratidh. The theses and one of the really important reasons was
materials tested showed that irradiation has signif the appearance of their prostheSe€hen et af’
cantly affected their colors. The different pignent studied the reaction of 138 patients to their facia
seemed to wield on their behavior to irradiation prostheses. The most frequent response given by
since the lightest and the darkest samples were the patients for disliking their prostheses wasrcol
more stable than the others. fading. Visser et dl.have reported the treatment
Poor durability and loss of esthetics are the outcome of a clinical study performed in consecu-
most serious problems associated with facial pros- tively treated patients with implant-retained cra-
theses, which have been verified by clinical stu- niofacial prostheses. And, concluded that irrespec-
dies. As it has been reported that among patients tive of the craniofacial defect, every 1.5 to 2rgea

4

AE
Y

epeu1

epeu 2
epeu 3

X mn @ »

epaf 3
calculated

0 24 48 72 % 120 144 168
Irradiation time (h)

Figure 3. AE curves for different times of irradiation of tfwur silicone elastomers.
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clinically
unacceptable

AE
N

eye detectable

Oepeu 1
Hepeu 2
Depeu 3

mepaf 3

48 72 96

120 144 168

Irradiation time (h)

Figure 4. AE color changes of the four silicone elastomerindurradiation times.

approximately a new facial prosthesis was made,
due to discoloration (31.2%), problems with at-
tachment of the acrylic resin clip carrier to tlie s
cone (25.3%), rupture of the silicone (13.3%), or
bad fit (10.9%). McKinstry has found that pa-
tients’ satisfaction with external prostheses de-
clined within the first 3 years of service. Thiseph
nomenon may be attributed to the fact that from a
patient's perspective, color change is one of the
most important parameters when evaluating the
performance of an external prosthé§igherefore,
the ability to withstand color changes over an ex-
tended period in services environment is one of the
most desirable performance characteristics of fa-
cial prosthetic elastomefs.  Several research
studies have evaluated the color differences of
maxillofacial materials after accelerating aging.
Lemon et al’ investigated the color changes of
different samples after artificial and outdoor wea-
thering. The conclusion was that the amount of UV
energy had a significant effect in color change
(AE). Schulze et a concluded that the materials
showed significantly perceptible changes after ac-
celerated aging using UV radiation. Many au-
thor$ 101819334 h5ve been investigated the effect
of weathering on pigmented silicon elastomers and
showed that samples with red pigments discolor at
a higher rate than the ones with yellow pigments
and the un-pigmented sampfésThe weathering

Dental Research Journal (Vol. 5, No. 2, Autumn-Winter 2008)

of polymers can produce changes in physical and
chemical characteristics that cause a significant
loss in important mechanical properties that also
affect the color of the samples. When a photo
oxidative degradation occurs the following steps
can be considered:

Initiation step: formation of free radicals.
Propagation step: reaction of free polymer radicals
with oxygen, production of polymer oxy and pe-
roxy radicals and secondary polymer radicals, re-
sulting in chain scission.

Termination step: reaction of different free rathca
with each other resulting in cross linkiffgSo, the
main structural modifications in irradiated poly-
mers are changes in molecular weight distribution -
due to main chain scission, cross linking and end
linking - and the production of volatile degradatio
products’**** All of these phenomena tend to
modify the materials’ physical properties such as
their color. The deterioration that occurs in poly-
mers due to UV irradiation, as described above,
seems also to affect their color. There is a doubt
whether the measured color differenceSEY
represent a perceptible color change. The range of
values ofAE had related in previous reports to per-
ceptible color differences. A value of 1 unit bE

is approximately equivalent to a color difference
that is just visually perceptible to 50% of obsesve
under controlled conditiorf$:*® Values of AE be-
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tween 0 and 2 represent imperceptible color differ- 9. McKinstry RE. Fundamentals of Facial Prosthetics.

ences, whereas values between 2 and 3 represent

color differences that are just perceptitfl&hen

values ofAE are greater than or equal to 3.3, the

color difference is visually perceptible and cladic
ly unacceptable to 50% of trained observérs.

Considering all these information, we accepted in

the present study a color chang&, greater than 2
as eye detectable andA& grater than or equal to
3.3 as clinically unacceptable.

Conclusions

The nil hypothesis of this study was rejected since
the results showed significant differences observed
in the color between the control (unirradiated sam-

Clearwater (FL): ABI Professional Publications;

1995. p. 198.

10.Tran NH, Scarbecz M, Gary JJ. In vitro evaluation
of color change in maxillofacial elastomer through
the use of an ultraviolet light absorber and a hin-
dered amine light stabilizer. J Prosthet Dent 2004;
91(5): 483-90.

11.Feldman D. Polymer Weathering: Photo-Oxidation.
Journal of Polymers and the Environment 2002;
10(4): 163-73.

12.Gary JJ, Huget EF, Powell LD. Accelerated color
change in a maxillofacial elastomer with and withou
pigmentation. J Prosthet Dent 2001; 85(6): 614-20.

13.Gary JJ, Smith CT. Pigments and their application i

maxillofacial elastomers: a literature review. d$2r

thet Dent 1998; 80(2): 204-8.

ples) and irradiated samples as a result of the de-14 sampers J. Importance of weathering factors other

gradation caused by the UV radiation. Artificial

weathering caused significant eye detectable color
changes in Episil Europe 2 and Episil Europe 3

than UV radiation and temperature in outdoor expo-
sure. Polymer degradation and stability 2002; 76(3)
455-65.

samples that approached clinically unacceptable 15.Cantor R, Webber RL, Stroud L, Ryge G. Methods

changes. Contrary, color changes in Episil Europe

1 and Episil Africa 3 were below detection limits
for the naked eye.
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