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ABSTRACT

Stain removal from teeth is important both to preéwvdecay and for appearance. This is
usually achieved using a filament based toothbwigiha toothpaste consisting of abrasive
particles in a carrier fluid. This work has beerriea out to examine how these abrasive
particles interact with the filaments and causeema@tremoval from a stain layer on the
surface of a tooth. It is important to understdmd imechanism as while maximum cleaning
efficiency is required, this must not be accompéiig damage to the enamel or dentine

substrate.

In this work simple abrasive scratch tests werel igenvestigate stain removal mechanism
of two abrasive particles commonly used in too#aning, silica and perlite. Silica particles
are granular in shape and very different to pepégicles, which are flat and have

thicknesses many times smaller than their width.

Initially visualisation studies were carried outhvperlite particles to study how they are
entrained into a filament/counterface contact. Resuere compared with previous studies
using silica. Reciprocating scratch tests were thearto study how many filaments have a
particle trapped at one moment and are involveti@rcleaning process. Stain removal tests
were then carried out in a similar manner to esthldleaning rates with the two particle
types. Perlite particles were found to be lesssabeahan silica. This was because of their
shape and how they were entrained into the filaroentacts and loaded against a
counterface. With both particles subsurface dandagieg stain removal was found to be

minimal.

A simple model was built to predict stain remoatks with silica particles, which gave

results that correlated well with the experimeata.

Keywords: teeth cleaning, stain removal, abrasive parti¢testhbrush, toothpaste



1 INTRODUCTION

The removal of stain from teeth allows our smilebé¢ cosmetically acceptable to society of
today. If stain is seen to cover more than fiveepet of an incisor tooth it is considered to be

cosmetically unacceptable [1].

There are two main types of tooth stain, intriregid extrinsic. Intrinsic stains are caused by
the natural colour of dentine showing through tia@slucent enamel layer on a tooth. The
colour of dentine varies from person to personraag vary from white through to brown.

These intrinsic stains are not possible to remove.

Extrinsic stain forms on the tooth surface. The ineosnmon of these stains is pellicle, which
is initially a bacterium free layer 1-10m thick formed from proteins in the oral environrhen
Once it becomes infected with bacteria it becontesed by tannin rich foods such as red
wine or cationic agents such as chlorhexadine, confyrfound in mouth rinses [2]. Work by
White [3] and Sheen [4] has shown that chlorhexadiay promote the absorption of tannin
rich foods such as tea or coffee into the pellajer. The mechanical properties of pellicle,
such as hardness, have been found to be similao$e of dentine [5], but those of other

stains can vary considerably depending on the teoigaccumulation time and other factors.

Stain can be observed as different colours, eaducwith its most likely cause are
summarised in Table 1. Although, as indicated, $baifis and tobacco have been shown to
stain teeth, there has been no correlation fouhslden the volume of food or amount of

tobacco and the stain intensity [6].

Teeth are usually cleaned using a filament basatitboush and a toothpaste, which consists
of abrasive particles in a carrier fluid. The paes are made from materials such as calcium
carbonate, sodium bicarbonate, precipitated siioaice and perlite. During brushing the

particles are intended to be trapped and load#dtedtlament tips and scrape away the softer



underlying stain (see Figure 1). The particle/fiéarninteraction is therefore key to the

cleaning performance.

Although optimum stain removal is desired from atlhpaste abrasive it is important that
during the cleaning process that the underlyingenedt(enamel or dentine) or soft gum
tissue is not damaged. Abrasive selection is thesgfuite difficult due to the varying
properties of stain. Dentine is four to five tingedgter than enamel and therefore wear
concerns would clinically be expected to more ingoatr with respect to dentine. Patients and

practitioners, however, value cleaning formulatiafsch are gentle to both materials [7, 8].

There are other components in toothpaste thath&ehically to reduce stain and whiten teeth.
Stain can be either dissolved or bleached usingxms. Enzyme systems and absorbents
are also used to soften the pellicle easing th@vairprocess. This is important in regions of

the mouth less accessible by a toothbrush.

The cleaning performance of toothbrushes and t@stieg is assessed using a number of
differentin vivo, in vitro andin situ tests. For the toothpastes, these are used tordetethe

stain removal capability and the abrasivity.

Typicalin vivo tests involve using volunteers and controllingrtbéet and toothbrushing
regimes while taking measurements of stain accuimualand removal. One example is a
study carried out using a sample of forty volurég8t who were instructed to use low
abrasive toothpaste for six weeks allowing staiadcumulate. Three independent observers
carried out initial stain assessments on each icha@. A hygienist then brushed their teeth
under specified conditions before they were reasskBy the observers to assess the levels of
stain removal. In this type of testing although déletual oral environment is used, there is

little control over brushing technique and quatittameasurements are very difficult to

obtain.



A number of simulators have been developed folyoagrout in vitro testing (see for example
[10, 11, 12, 13]). Most of these work by mecharyclalading and moving a toothbrush head
over a test specimen, which is typically made flwowine dentine, enamel or acrylic. With
vitro testing the level of control over brushing paramets high, but specimens are not

exposed to the actual oral environment and modeishave to be applied to specimens.

In situ tests offer a compromise and involve using dergmenamel specimens mounted in
devices worn in the mouth by subjects and then vehdorex vivo testing in a brushing
simulator [14, 15]. Specimens can therefore be sagdo the chemical environment within

the mouth, brushing can be controlled well and mesasents are easier to take.

In all types of test the performance of the tooit@ar toothbrush is compared to that of a

standard paste and brush.

In such testing, however, no investigations haenkmrried out to study the actual
mechanism of material removal from a stain layeork\has been undertaken to study
particle/filament interaction visually [16], idefiid above as being critical in the cleaning
process, which has shown how silica particles ateamed in a filament/counterface contact
and subsequently loaded against the counterfaeeefflxct of varying load and filament
deflection was also qualitatively determined. Sgeat work was carried out using scratch
testing to study and model the removal of matériah hard tissue materials and dental

restoratives [17], but did not investigate staiela.

The aims of this work were to study material remdram a stain layer using simulated
toothbrushing with both silica particles and perprticles. Perlite particles are currently
being introduced to toothpastes with the aim ofioéng their abrasivity without
compromising cleaning power. They differ considérat geometry from silica particles

used in previous studies although perlite is abtdatgely made up of silica with aluminium



oxide and sodium oxide being the next largest dwesits. They are flat in nature (see Figure
2) (reminiscent of broken egg shells) with widthp o 100um) many time their thickness

(~2um). Silica particles are granular in shape.

Visualisation studies were initially carried outs®e how the entrainment and loading of
perlite particles in a filament/counterface contdiffered from that previously seen for silica
particles. Abrasion tests were then run to detegrfon a given load how many particles were
causing material removal and the actual materiabr&l mechanisms and rates from a stain

layer.

2 VISUALISATION STUDIES
2.1 Test Apparatus

Simple optical apparatus was used to enable thehssition of perlite particles in a

simulated teeth cleaning contact (shown in FigyrdBis was the same apparatus as used in
the previous work using ~fuén silica particles [16]. A toothbrush head was kxhdgainst a
rotating glass disc using a hydraulic actuator. fDm¢hbrush head was located in a clip
attached to the hydraulic actuator. The fluid/alveaparticle mixture was applied either to

the brush head prior to loading or fed in duringcdiotation. The contact region was observed
using a positionable microscope attached to thdmgge capture was by a CCD video

camera.

2.2 Specimens and Operating Conditions

A standard toothbrush design consisting of equésg@aufts of filaments of equal length was

used in the tests (as shown in Figure 4).



Load and brushing speed used in the tests werel lbbaseeported measurements taken during
invivo experiments [18, 19]. A load of 225g was used wigliding speed of 30mm/s. Perlite

particles were mixed with water at 1% concentrabgmass.

2.3 Results

Observation of the filament tip contacts showed the perlite particles were passing though
the tip contacts in a flat orientation, as showfigures 5a and 5b. Particles continued to
pass through the contact for the duration of teedad did not accumulate around the
filament tips. The particles appeared to re-orientiemselves just before entering the
filament tip contact as if to find the path of leessistance. This was very different to the
action of silica particles under similar conditida$]. They were seen to build-up around the
filament tip, as shown in Figure 5c¢, with some pagshrough the tip contact at low loads
and filament deflections. Even the largest peddgicles were able to pass through the
contact. Similar sized silica particles were unabldo so and were deflected away from the

filament tip.

Increasing load stopped perlite particles from emgethe contact. This was probably due to
the deflected shape of the filaments. At highedsosilica particles were also not able to enter

the contact, but as with lower loads, accumulatedrad the edge of the contact [16].

3 ABRASION EXPERIMENTS

Two types of abrasion test were carried out toystiadatch formation and relate this to
particle behaviour seen during visualisation stsididne first set of tests was carried out to try

to determine the mechanism of abrasion by inspediccratched surfaces. The second set



of tests was carried out to study the material rahprocess from a model stain layer from

the morphology of the scratches formed and tha seamoval rate.

3.1 Apparatus

The abrasion tests were performed using a linegpnecating rig. The set-up used is shown
in Figure 6. A perspex specimen was clamped iritolder mounted on the rig. The
fluid/particle mixture was applied to the specinusng a pipettor to ensure an equal amount
was used for each test. The toothbrush head, cthwopde end of an arm attached to the

oscillator, was then loaded against the perspesirses.

3.2 Specimens and Operating Conditions

Standard toothbrushes consisting of 34 equi-spadtsiof 36 nylon filaments (0.2mm
diameter and 11.2mm long) were used in the testsKgure 4). A new brush head was used

for each test. Particles were mixed with waterdatcbncentration by mass.

Scratch tests were carried out using both silicharlite particles to assess what differences
there were in abrasive behaviour due to varyingjggargeometry. A test was also carried out
with no particles. A load of 200g was used in ladl tests. Peak to peak motion was 5mm.
Tests were run for either 4500 cycles or 50 cyates frequency of 5Hz. This allowed long
term scratch behaviour to be observed, for exaimple many filaments were actually in
contact with the perspex counterface and trappantgbes and causing scratches etc. as well
as short term behaviour to determine how manygestiwere causing scratches at a single

point in time.



Stain removal tests were carried out by applyingoael stain, created using an organic dye,
painted onto the perspex specimens. Stain thickmassssessed using a profilometer. As
shown in Figure 7, the thickness was approximéiteiyn. A range of loads were used from

10 to 300g and the brushing time was 15 secondsy@Bs). These tests were run using
silica (10pum) and perlite particles (again at 1% concentrabypmass) and with no particles.
A test was also carried out at 200g to determirve $tain removed varied with time. The test
was stopped every 15 seconds (75 cycles) to astsesgemoval. Tests were repeated at each

set of conditions two or three times to check &peatability.

To establish the amount of stain removed a gri2i o2 mm squares was placed over the
brushed area of stain and the number of squareainon scratches through to the perspex
was counted. Results were plotted as the propoofidime brushed area with scratches
through to the perspex counterface (number of sguaith scratches through to
perspex/number of squares in brushed area). Thisite a crude method and will clearly

give an upper estimate for the stain removed.

3.3 Reaults

Figure 8 shows typical scratch patterns attainewh frests with perlite and silica particles. It
can be seen that less scratches occurred whenpesiiitg and that they were different in
nature. Scratches caused by perlite were lessramnitean those caused by silica particles.
The trapped perlite particles appear to be lesdesthan silica particles; presumably they are
not held so rigidly by the filament. Scratches eally perlite particles can also be seen to be

less deep.



The peak to peak distance moved by the recipragatim was 5Smm, but the scratches were
only about 1mm long (for tests with silica). Thsshiecause there is a lag in the filament
motion as some of the sliding distance of 5mmksitiaup by elastic deformation of the
filaments. This was also observed in previous shragsting [17]. It is also clear that the
perlite scratches are shorter than the silicadoeat Actual scratch lengths were measured
and a mean value is given in Table 2. Scratch nwnlere also determined. For the long
4500 cycle tests the number of groups of scrat(desFigures 8c and 8d) indicated how
many filaments were trapping particles (shown ibl&2 as the proportion of total filaments,
i.e. number of scratch groups/total number of feaus) and for the short 50 cycle tests to
give an estimate of how many particles were cuttind causing scratches at any one moment
(shown in Table 2 as the proportion of filamenépping particles, i.e. number of

scratches/number of filaments trapping particles).

Scratch numbers, particularly for the short testsendifficult to assess, however, it could be
seen that there were a similar number of filamant®ntact for all tests, but less perlite

particles were cutting at any one moment thanaspiarticles.

Figure 9a shows scratches formed during the cotasblwith no particles. Clearly the
filament tips were sharp enough to cause lighttskes through to the perspex. From the
bunching of scratches observed, however, it wadeawithat only a few of the filaments were

causing material removal.

Figure 9b shows scratches formed during a tesgyserlite particles. Again more scratches
were formed than in the control test. Stain delas visible in the stained region, removed
from the surface by the action of the perlite péet (see Figure 9b). Most scratches did not

cut through the entire thickness of the stain layexppears that just a surface layer is



removed. Where scratches did cut through it wakeqatchy. The scratches were much

wider than those formed in the control test withpaoticles.

Scratch formation when using silica particles wasarsevere than that with perlite particles
(see Figure 9c). Unlike the perlite samples, athoagnification it was possible to see
scratches that had cut right through the stairstfsvn in Figure 9c more scratches had cut
right through the stain and they were clean scestchhey were also straighter and more
uniform along the length. It was not possible véitiher perlite or silica particles to assess

whether the scratches had caused damage to thpep@sunterface.

Figures 10 shows stain removal rates against ldeigi(mined using a grid of squares as
described previously in “Specimens and Operatingd@mns” section). Clearly silica is
more abrasive than perlite and removes stain nfégetiwely. Filaments on their own with

no particles, as already seen in Figure, are abienhove stain. The relationship between
stain removal and load is interesting for all ca3ée silica drops before rising again and for
perlite and no particles the stain removal ratgpslwith load. Stain removal, as observed
earlier, is tied in closely with the particle trapg and loading against the counterface
material. This will change as the load increasektha filaments deflect. The relationship
between filament shape and subsequent particlénigathd how this impacts on stain

removal will be discussed later.

Figure 11 shows how stain removal at a load of 2@0ges with time. Again silica stain

removal is shown to be higher.

After the stain removal tests were complete theget specimens were cleaned to examine
the counterface surfaces for damage. Some exam@eshown in Figure 12, along with
typical scratches in the stain for each case. Adeaseen there are very few scratches in the

Perspex compared to the stain for both silica amtite. The transverse scratches shown in



the photographs are pre-existing machining marklerperspex sheets. At 200g the
filaments on their own produced a few scratchahencounterface, which was unexpected. It
should noted that these are snapshots of the wbalaterface, however, the general trend is

that there is little subsurface damage when s&lireing removed.

4 MODELLING STAIN REMOVAL

The simple model developed by Lewis & Dwyer-JoyEte] [for material removal during
abrasive teeth cleaning using silica particles adegpted for this work to predict stain

removal.

The original modelling was achieved using a theoaétletermination of particle indentation
to calculate scratch depths, ploughed area anprdp®rtion of material removed. Scratch
test data was then used to determine the lengtieafcratch and the number of scratches
likely to occur. Finally, the model was validatesing experimental test data from the

literature.

The model was developed assuming that a partepgpéd at a filament tip acts like a micro-

indenter (see Figure 13). Silica particles wereiaesl to be cubes indenting on one corner.

HardnessH (N/mz), is defined as the load{(N)) divided by the surface (pyramidal) aréa (
(m?) of the indentation. This can therefore be usedktive the depth and width of the
indentation caused by a particle tapped at a fitartip. In scratching only the front part of
the indenter (particle) is supporting the load sly ¢this area should be considered (see

Figure 14).

Factors were included to take account of the ptapoof filaments with trapped particles

that were cutting, filament drag, elastic recovarthe scratch and the displaced material



actually lost as wear debris, which gave the fetplation for the volume of material lost per

brush strokeV, as:
V, = NbtAgfls 1)

whereN is the total number of filaments,is the proportion of filaments in contact with the
material,t is the proportion of these with a trapped partidldgs the cross-sectional area of
indentationg is the change in the indentation cross-sectiorel,&s, due to elastic
deflection and recovery,s the proportion of displaced material lost agmaebris] is the

brushstroke length argis the scratch/brush lag factor (scratch lengtisbrstroke length).

Values for factorg andf were determined from experimental data generaelhturet et al.
[20] during scratch experiments on a range of ma#eto study surface elastic deflection,
groove elastic recovery and plastic deformatiore @ata was used to plg{reduction in

scratch cross-sectional area factor) B(rdaterial loss factor) again&tH.

In this work only the area of the scratch (vieweahf above)A,, was considered, rather than
the volume of material. This was calculated ushegdcratch widthw, which was derived

from the depth and the particle geometry. So thed svea of stain removed in one brush
stroke, assuming that the scratch depth is suffi¢ee penetrate through the whole stain layer,

is given by:
A, = Nbtwis 2
The values for factors b andt were taken from the results of the scratch testhmayvn in

Table 1. These are therefore only valid for thellaawhich this testing took place, 200g, as

their relationship to load has not yet been asicexta

To validate the model the results were comparel thig stain removal data from the tests

carried out to assess stain removal against timsilfoa particles (see Figure 15).



The stain removed per brushstroke will not be Hraesas time progresses because the
amount of stain left will reduce, so if an eventidlition of cutting particles is assumed, it is
less likely that stain will be removed with eachsequent brush stroke. The model therefore
has to be iterative to accommodate this. It wadoud5 second intervals. After the first
interval the proportion of stain removed was calted. For the second interval this value was

multiplied by 1 minus the proportion removed in fhist interval and so on.

The brushing parameters used in the model andrelatang to the scratches and the stain
removed are given in Table 3. The model predictemescompared with the test results in
Figure 15. Values dE andH for pellicle were used as an approximation foisthof the

organic dye in the absence of actual data (gifzttty= 29).

This model has been developed for the blocky shajied particles. Perlite particles are flat
and plate-like shapes. There are a number of wegerlite particles could be modelled, for
example as flat squares (cutting on one edge orreer) or discs or as a shallow “V” shape.
However, the scratch widths and or depths turnt@be very dependent on the assumed
shape and orientation of the particle and the amigbeitting. More work is needed on
visualising perlite particle in a contact to esigtblexactly how they cut through stain before
an accurate prediction can be produced. Also thia stmoval due to filaments with no

particle trapped needs to be incorporated as d gpnoglortion cause stain removal.



5 DISCUSSION
5.1 Particle Entrainment and Scratch Morphology

It is clear from the visualisation studies carraed that perlite particles enter the filament tip
contact region in a flat orientation. This is @di in determining their likely abrasive action.

A flat rather than an edge orientation should givess severe action.

In the flat orientation the large front edge on pleelite particles may have been expected to
cause a large amount of material removal. Scratdthe/seen in stain removal tests,
however, are similar in width to those with silis®e Figures 9b and 9c). It is not clear which
profile is cutting with perlite particles. Howevéne particles are not completely flat and it
could be envisaged that under load only a smallgfahe front edge is cutting, as shown in

Figure 16, which could explain the similaritiessicratch width.

It was evident from observation of the stain reni@eaatches that silica scratches were
deeper. Far more scratches could be seen whestaihdayer had been completely removed
exposing the substrate. Perlite scratches in #ie stere jagged and cutting was intermittent.
Clearly the particles are not stable when undet &iahe tip of a filament. This was also
highlighted in the abrasion tests where silicatsty&s were uniform in nature while the
perlite scratches were ion more random directionsret continuously (see Figure 7).
Cutting with aflat edge rather than @oint would probably be less stable and hence much

straighter scratches were seen with silica.

It was also clear that more scratches were crested using silica particles in both the

abrasion and stain removal tests.

It was evident from scratch length measuremenenté&ee Table 2) that filament lag was

occurring, as seen in previous work [17]. Perldaeth lengths, however, were clearly



shorter than those with silica. This may have lh@nto the less stable nature of the
entrainment trapping process leading too shoré@ping times. Scratch numbers were
similar to those seen during previous work. It waticeable, however, that there were less
scratches being formed at any one moment withtpeHan with silica. This was probably
because there are many more small silica particlagiven mass than larger perlite
particles. The less stable trapping of perliteipkas will also have had an effect as well as
the fact that more silica particles accumulate addiilament tips and are therefore more

likely to be entrained and trapped at a filamemt ti

5.2 Stain removal

The stain removal rates see in Figure 10, were indeyesting. Firstly the removal rates with
no particles clearly indicate that brushing alorighwo toothpaste will remove a certain
amount of a stain layer. This is because the fitgrtips can end up being quite pointed as
shown in Figure 17. The removal rates reduced initheasing load as the filaments deflect
further and the side of the tip will be in contadth the stain rather than the tip, decreasing

the cutting potential.

Similar results were seen for the perlite particédthough the stain removal rates were
slightly higher. The stain removal decreases witlieasing load in this case because as the
filament deflects it becomes harder for the pegaeticle to enter the filament tip contact, as

seen in the visualisation studies.

The stain removal rates with silica particles warech higher indicating that silica is more
abrasive. The variation in removal rate with loaabwlifferent to perlite. It was high initially
before dropping and then rising to its originaldeagain. This again can be explained by

looking at the particle entrainment behaviour vittreasing load. At low loads and filament



deflection the particles are more likely to be peg and loaded at the tip contact and
therefore stain removal is possible (see Figure A8)he filaments start to deflect under
increasing loads less and less particles entexahict stain removal reduces. Most particles
accumulate around the tip where they are not ulodel As the load continues to increase,
however, the particles accumulating around theniat tip will be loaded against the stain

layer with greater and greater force and therdferable to remove more stain again.

In all cases the counterface damage was low dstaig removal. This is despite the fact that
when no stain is applied the particles are abkrtatch the perspex counterface. This clearly
indicates the necessity to avoid over brushingeftt. With some improvements the stain
removal model proposed could be used to try aniinige recommended brushing times to

help toothbrush users avoid damaging teeth and gums

6 CONCLUSIONS

Tests have been performed to compare and corttiesbrasive and stain removal actions of
two types of toothpaste particle. Silica particdes small and blocky whilst perlite is large

and flat.

Visualisation studies showed that the perlite phasi pass under filament tips in a flat
orientation. The particles appeared to re-orierttegenselves just before entering the filament
tip contact as if to find the path of least resista Perlite particles did not accumulate at a

filament tip as silica particles have been seen to.

Perlite scratches were less uniform than silicatsbes indicating a less stable trapping
process occurred, probably caused by perlite strajavith an edge rather than a point as

with silica. Fewer scratches were caused by pggétéicles than silica particles, the scratches



were also shorter. This was due to the fact far peslite particles were present and the less
stable trapping process seen. Perlite particledymexd shallower scratches than silica. This

was because the perlite particles cut with a fiigee

Stain removal was also more uniform with silicarli®escratches in stain were jagged and
intermittent. This indicates that particles are stable when under load at the tip of a
filament. Stain removal rates were higher withcsiland showed different behaviour to
perlite as load and filament deflections were iasegl. The changes in stain removal rates
with increasing load could be directly attributedte change in particle entrainment and

loading seen during the visualisation studies.

Little counterface damage occurred during the semoval process with either silica or

perlite.

A stain removal model has been developed thatt@asrsgood correlation with
experimental data for silica particles. The enablable predictions for perlite particles more

information is needed about the way they are catedtand remove material.
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Figure8
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Figure 12
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Figure 14
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Figure 16
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Figure 18
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Tablel

Table?2

Table3

Colour

Source

Green, Orange, Black

Chromogenic bacteria

Yellow, Brown

Tobacco, Food

first 15 second interval

Perlite Silica
Length of scratch (mm) 0.8 1.1
Proportion of filaments 70% 72%
in contact and trapping
particles
Proportion of filaments 10% 15%
with particles cutting at
any one moment
Particle Silica
Load on Brush Head (g) 200
Scratch Depthym) 0.98
Scratch Width iim) 2.4
Brush Stroke Length (mm) 5
Number of flamentsN 1360
Proportion of Filaments in 0.97
Contact with Counterfacé,
Proportion of filaments in 0.15
contact with a trapped patrticle,
Filament Drag Factos 0.22
f 0.5
g 0.7
Number of Strokes 150
Proportion of Stain Removed 0.24




