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ABSTRACT

INTRODUCTION

Single-chamber polarographic procedures are widely
used for measuring oxygen permeability of contact lens
materials. We show here that an “edge effect” due to the
finite size of the polarographic cathode is a systematic
source of error with these techniques. We conclude that
the “edge effect”, if ignored, will give measured per-
meabilities that are too high. We also find that the “edge
effect” is not strongly dependent on permeability and
therefore the ranking of contact lens materials by perme-
ability is almost unaffected. The “edge effect” is not
greatiy ditferent for measurements made on hydrogels or
gas permeable hard materials.

~ greater than at the cathode (see Figure 1). The combina-

Single chamber polarographic procedures have been
used for measuring oxygen permeability of contact lens
materials since 1971. In this procedure the cathode is
smaller than the lens; cathodes are from 4mm to 7mm in
diameter. The collection area for oxygen at the anterior
surface of the lens (the surface away from the cathode) is

tion of a cathode smaller than the lens and a large
anterior oxygen collection area introduces an “edge effect”
into the permeability measurement. The magnitude of
this efiect varies with cathode diameter, sample thick-
ness, and, in the case of gas permeable hard lenses,
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'gure 1: Schematic diagram showing a sample of gas permeable hard material on cathode of, the polarographic cell. A saline-saturated
fiyer of cigarette paper is interposed between the sample and the cathode. The diagram is not ta scale.
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with {ens material permeabiiity. The results of computer
are obtained that compensate for the “edge effect”.

THEORY OF TRANSMISSIBILITY MEASUREMENT

The basic equation for the steady-state diffusion of
oxygen through a plate of area A and thickness L is
Fick's Law and is stated as,

J = A(DilL) (Pz — Py) 4}
where J is the amount of oxygen that comes through in
unit time, Dk is the permeability of the material, P, is the
oxygen tension at the anterior surface of the sample,

and P, is the oxygen tension at the surface of the sample

nearest the polarographic cathode. Equation 1 requires
that oxygen molecules move along parallel lines that are
normal to the top and bottom surfaces of the plate of
area A, as shown in Figure 1.

In the case of measurements on hydrogel materials the
water needed for the cathodic reaction to occur is sup-
plied by the hydrogel (see reference 1). However, when
non-water bearing materials are measured, the water
can be provided by a sheet of water-bearing substance
interposed between the sample and the cathode.®3*
Some investigators have used a water-based gel held on
the cathode by a thin Teflon membrane, others have
used saline-saturated cigarette paper.

When a water-bearing layer exists between the sample
and cathode then Fick's Law, expressed as equation 1,
must be modified to read,

J = A (P2 — P)AUDK), + (LIDK)s)  (2)

or,
(AW)) (P — Py) = (L/DK)w + (LIDK)s  (3)
In equation 3, the term (A/J) (P2 — P,) is the reciprocal
of the electrical current observed in the polarographic
cell circuit at the steady state, muitiplied by a constant
that is the product of the number of electrons involved in
the reduction of oxygen to hydroxyl ion and the Faraday.
Again, it must be emphasized that equations 1, 2, and 3
apply only if the area of the cathode is the same area
over which oxygen is collected at the anterior surface of

- the sample and the movement of oxygen is confined to a

cylinder of the same cross-sectional area as the cathode.

Figure 1 shows that this condition does not hold for the
arrangement of sample and cathode normally used in the
single-chamber method of measuring oxygen permeabil-
ity. In Figure 1 the anterior collection area is greater than
the cathode area. The pattern of oxygen movement
through the sample is funnel-shaped, with the narrow
end of the funnel being the cathode. The area at the top
of the funnel increases as sample thickness increases.
The area.through which oxygen moves then decreases
as the oxygen approaches the cathode. The amount of
oxygen entering the -sample equals the amount con-
verted to hydroxyl ions by the cathode at steady state.
The resistance to movement of this oxygen is a function
of the inverse of the area through which it moves. There-
fore, the oxygen moving through the top of the sample
encounters less resistance than the same amount of
oxygen moving through the bottom of the sample. The
result is that the total resistance to movement of oxygen
is less than if the same amount of oxygen moved through
a cylinder directly above the cathode and of the same
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area as the cathode. This lower resistance to oxyg}a
movement results in higher experimentally observed o
larographic electrical currents than would be observeq
for an ideal cyilinder above the cathode. The observeq
electrical current is converted to an oxygen flux. There-
fore there are two oxygen fluxes; one is the ideal that
would be observed in the case of the ideal cylinder, the
other is the observed flux in the presence of the funnel.
like movement of oxygen. The flux ratio is the observeq '
experimental flux divided by the ideal cylinder flux. The :
flux ratio is always greater than one when defined in thig |
way. For the case where there is only a single kind of
permeable material above the cathode, as may be trye
for hydrogels, the flux ratio depends only on the cathode
diameter, the sample diameter, and the sample thick-
ness. For GPH materials there are two layers, the wet
cigarette paper.and the GPH sample. n this case the
flux ratio depends not only on the factors listed above for
hydrogels but also on the permeability of the GPH sam-
ple. It can be seen that the hydroge! can be treated as a
sRecial case where the wet cigarette paper and the
sample have the same permeability.

Bearing in mind that the term A in equations 1, 2, and
3 is not exactly the cathode area, we proceed to analyzé'
equation 3 in terms of the resistance to oxygen diffusion |-
in the water under the sample, (L/DK),,, and (LDk), of If

the sample itself. We will add another term (L/Dk)g_ t0 !
take into account any diffusion resistance that may exist
at the sample surfaces but cannot be accounted for by
the layer of water between the sample and the cathode.
Equation 3 can now be written as, :

(Ci) = (UDK)y = (UDK)y + (L/DK)aL + Ls (1/DK) (4)
in equation 4 the term C is the so-called “cell constant, i
is the observed electrical current, L, is the sampie thick-
ness, and (1/Dk), is the reciprocal of the material perme-
ability. The “cell constant” may or may not include the
oxygen tension difference across the sample and water
layer combination. If the oxygen tension difference is |
included in the “cell constant” then the investigator as-
sumes that the oxygen tension at the anterior surface is
the average barometric pressure in the laboratory multi-
plied by 0.21 and then corrected for the relative humidity
in the chamber where the polarographic cell is situated.
The oxygen tension at the cathode surface is always -
taken as zero.® For greater precision the investigator may
use a “cell constant” that does not include the oxygen
tension difference and, instead, insert this difference at
each oxygen flux measurement from knowledge of the -
barometric pressure and relative humidity in the measut-
ing chamber.

A plot of C/i versus L, yields a straight line whose,,
slope is (1/DK), and whose intercept on the Ci axis 18
(LDK), + (UDK)g.. By this procedure of data analysis .}
the permeability is obtained independent of the watef .
layer under the sample or the boundary layers, provided s
these layers remain the same for the several samples 01 §
the same material but different L,.

Application of equation 4 to a sample in air (saturated
with water vapor) is straightforward. In that casé the
(LDK),, term is simply the diffusion resistance of heg
water-saturated cigarette paper; the air above the sam
offers no resistarice to oxygen diffusion. The (L/OK)
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term is more difficult to explain. There may or may not be
a special resistance to the entrance of oxygen into the
sample at the air surface. This resistance has been
studied for silicone rubber lenses where it is im-
portant.®” It is probably unimportant for most GPH ma-
terials and hydrogels. In any case, the slope of the Cii
versus L, fine gives the true permeability without regard
to the presence of boundary effects.

If the sample is submerged in water the (L/Dk),, term
refers to the diffusion resistance of the water layer above
the surface in addition to any diffusion resisting layer
between the sample and the cathode. The water layer on
the distal surface of the sample cannot be entirely re-
moved no matter how vigorously the water bath is stirred.
This problem, together with the problem of using a
reference standard in the submerged sample method,
has been discussed elsewhere® and will not be further
elaborated upon here because we will confine our dis-
cussion to a sample surrounded by air. oy

7

EFFECT OF CATHODE DIAMETER

The polarographic cell constant that allows the ob-
served electric current to be converted to oxygen trans-
missibility is a direct function of cathode area. If the distal
surface of the sample collects oxygen over an area the
same size as the cathode and the oxygen molecules
move along parallel lines, then equation 1 is exact when
Ais the area of the cathode. However, as Figure 1 shows,
the distal collection area is greater than the cathode
area. In this case the observed oxygen fiux will be
greater than would be expected through a samplc of
area A with all oxygen flux Jines confined to a right
cylinder of area A. Brennan et al.? have pointed out that
as the sample thickness approaches zero the flux lines
approach the condition for flow in a right cylinder of area
A. They. therefore suggest that a quadratic equation be
empirically fitted to the C/i versus L data points and that
the slope of this fitted curve at zero sample thickness be
taken as the reciprocal of the true permeability. There are
at least two disadvantages of the Brennan et al.® pfoce-
dure. To make a satisfactory empirical fit data point® are
needed for thin samples. These may be difficult to manu-
facture from gas permeable hard materials. Each perme-
gbility determination requires a computer-assisted curve
fitting procedure.

We have chosen to solve the problem of funnel-shaped
oxygen movement in the sample by decomposing the,
Sample into small elements (the finite element method)
and solving the diffusion equation in each element,'%1112'

e numerical procedure requires a high speed digital
Computer. :

. — RESULTS
i . The computer-assisted finite element calculation yields

,9Xygen tension difference exists between the polaro-
. 0raphic cathode and the open upper surface of the
%zml?le, as shown in Figure 1. The flux under the ideal

rjdltion of oxygen movment in a right cylinder of the

s %ygen flux through a permeable sample when a unit

same area as the cathode was calculated by hand from
equation 1. The ratio of these two fiuxes was the result
desired in this study. .

The flux ratio as a function of sample thickness for flat
samples of GPH materials are shown in Figure 2. The
cathode diameter is fixed at 4mm but the sample diame-
ter may be any value between 6 and 10mm. Figure 3
shows the fiux ratios for lenses as obtained by applying
the additional correction for convergent flow as described
in Appendix |.

The curves in Figures 2 and 3 for Dk of 200 X 10"
are probably less reliable than the lines for the lower
permeabilities. An alternate procedure for obtaining flux
ratios as a function of sample thickness for high perme-
ability materials will be discussed below.

GAS PERMEABLE HARD MATERIALS
T T T

Flat Srlmp\es

For 4mm Diameter Cathode
Somple Diameter € to lOmm
(Dk)PAPER =15 o

Paper Thickness = 0.030mm
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Figure 2: Ratio of oxygen flux arriving at the cathode for the fiat
sample compared to the flux without any edge effect. The cathode
diameter is 4mm. The sample diameter may be in the range 6mm to
10mm. A tayer of wet cigarette paper 0.030 mm thick and perme-
ability 15 x 10-'" is interposed between the sample and cathode.

Figure 4 presents an experimental verification that
sample diameter does not influence flux ratio when the
diameter is above 6Bmm on a 4mm diameter cathode. A
series of samples of the same GPH material, but differ-
ent diameter, were measured for permeability by the
procedure described in Appendix Il. Samples of diameter
8, 9, and 10mm gave the same permeability corrected for
edge effect. The 6mm diameter sample gave a somewhat
higher permeability. All measurements were made on a
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Figure 3: Same as Figure 2 except sample is in the form of a lens
with parallel surfaces.

4mm diameter cathode. Although other combinations of
cathode and sample diameter were not examined, the
implication of these measurements is that sample diame-
ter should be at 'east twice the cathode diameter.

Figure 5 shows how flux ratio at any given thickness is
dependent on sample perrieability for flat samples of
GPH material. The horizontal fines along the right hand
vertical axis are at the flux ratio level for a permeability of
15 x 107", The curves at each thicknesy are asymp-
totic to these lines. This is evidence that the flux ratio
dependence in this graph is a consequence of the differ-
ence in permeability between the sample and the wet
cigarette paper under the sample. When there is no
difference the flux ratios are independent of permeability.
On this basis we can use the flux ratio at a sample
permeability of 15 x 10~'' for all hydrogels. For
hydrogels we can assume that there is a negligibie layer
between the sample and cathode, and therefore, all
hydrogels, regardiess of permeability, will have the flux
ratio relationship shown in Figures 2 and 3 for a perme-
ability of 15 x 10~ '". it is of interest to note that the
computer calculation showed a negligible difference in
flux ratio relationship between a sample permeability of

the lines in Figures 2 and 3 for 15 x 10~ "' permeability
are to be used for all lower permeabilities.

for the lines of 15 x 10~ permeability but the intercept

15 x 10~"" and all lower permeabilities. For this reason

Figure 4: Measured permeability of a series of samples of the
same GPH material but different diameter.

Table | gives the equations of the straight lines in
Figures 2 and 3. Note that the slope of the lines for
hydrogels, as shown in the last two entries in Table |, are

terms are not the same. This is a consequence of
assuming that for hydrogels there is no water layer be-
tween the sample and cathode.

The investigator who has measured (L/Dk), on a
series of samples of the same material but different
thickness can easily convert the observed (L/DK)n to the
true (L/Dk) in the absence of edge effects through !he
use of Figures 2 and 3. Each measured (L/DK)m point is
multiplied by the flux ratio term in Figures 2 and :
appropriate to the sample thickness and estimated or { -,
guessed permeability. A plot of these corrected (L DK)
should be linear with slope equal to the true permeability.

Appendix Il shows the inverse of the method of cor-
recting measured permeability to give true permeabi}'}Y~
In Appendix il a series of samples of known permeability
were used to calculate what the observed (L/DK)m would
have been in the presence of an edge effect. These
values of (L/Dk),, were then fitted to a straight line a &
an erroneous permeability, (Dk), was calculated t0 sho\'f :
the ratio of the true permeability to a permeability Ca'CUe }
lated without regard to edge effect. Figure 6 ShOWS h B
error in the measured permeability as a function of the. :
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measured permeability. In Figure 6 we see that, for
example, when a measured permeability of a gas perme-
able hard lens is 756 x 10~ this value is about 123%
of the true permeability. The true permeability is then
calculated to be 61 x 10~ '%. Hydrogel lenses measured
on a curved cathode are all 131% too high in measured
permeability. If the hydrogel is a flat sample or the lens is
pressed down on a flat cathode then the measured
permeability is 124% of the true permeability for all
permeabilities.

Figure 5 shows that when samp!e permeability is 100
x 10~'" or above, the flux ratio is changing rapidly with
change in permeability. This effect may lead to uncertain-
ties in the computer calculation of flux ratios for various
sample thicknesses. The curved relationships in Figures
2 and 3 for material of permeability 200 x 10~'" may
be an artifact caused by computational difficulties. A
procedure that yields linear relationships between flux
ratio and thickness at high permeability is described in
Appendix lil. When correcting permeability measure-
ments made on silicone rubber the flux ratio equatlons
given in Table A-lll-1 should be used.

DISCUSSION

Oxygen permeability of a contact lens material as
reported from laboratory measurements will be to a
degree uncertain because of random and systematic
errors. The random errors can be reduced by replicate
measurements and quantified by statistical analysis of
the data.® The systematic errors are more difficult to
evaluate.

In the single-chamber polarographic method the per-

GAS PERMEABLE HARD MATERIAL
FLAT SAMPLES

P -0
(Dk)poper =15 10

Poper Thickness = 0.030 mm
Cathode Diometer =4 mm

120 }- Somple Diometer + 8mm

115
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1 1 1 ] L3

1.00 i ] } =,
o 0.01 002 003 004 x10
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Figure 5: Calculated flux ratios as a function of reciprocal of
permeability for various thicknesses. All samples were 8mm in
diameter; cathode diameter was 4mm. Horizontal lines on the right
hand vertical axis are the flux ratios for a permeability of 15 x
10_11

TABLE |
Equations of Flux Ratio versusyThickness Lines in Figures 2 and 3
Applicable to Gas Permeable Flats and Lenses

Sample Permeability* Equation
Flat . 015 x 107" fux Ratio = 1.017 + 4.72 L.,
Flat 25 Flux Ratio = 1.017 + 4.21 L,
Flat 50 Flux Ratio = 1.015 + 3.50 L.,
Flat 100 Flux Ratio = 1.014 + 2.90 L,
Flat 200 no straight line fit
Lens 0-15 Flux Ratio = 1.017 + 5.88 L¢m,
Lens 25 Flux Ratio = 1.019 + 5.36 L,
Lens 50 Flux Ratio = 1.017 + 4.66 L.,
Lens 100 Flux Ratio = 1.016 + 4.06 L.,
Lens 200 no straight line fit
Applicable to Hydrogels of All Permeabilities
Flat Flux Ratio = 1.00 + 4.72 L,
Lens Flux Ratio = 1.00 + 5.88 L,

* Units of Permeability are (cm?sec) (ml O/ml x mm Hg).

Mme 14, Nt{mber 10 October 1987
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Figure 6: The ratio of measurad to true permeability, as a function
of measured permeability, arising from the edge effect. ~

meability can be reported with reference to a standard
material or an absolute value can be reported if certain
assumptions are made. These are: 1) The electrical equip-
ment is accurate; 2) The number of electrons involved in
the reduction of a mole of oxygen is precisely known; 3)
The oxygen tension at the polarographic cathode is zero,
or some other precisely known value, and it remains
.constant during the measurement; 4) The area of the
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Figure 7: Measured permeability as a function of true permeability
for gas permeable hard lenses and flats. If there were no edge
effect, all points would lie on the line of agreement.

cathode |s precisely known; 5) The oxygen flux is give .

by equation 1, that is, the oxygen flux lines are confineg

to a right cylinder of the same diameter as the cathode, '
It instead of an absolute value of permeability a rely. ¥¥]
tive value is desired, then the same standard material or §-

materials must be available to all laboratories and g 1
must agree on its permeability. More than one referencg |
materiai may be needed because the “edge effect” ig
dependent on permeability.

In the absolute method the “edge effect” is a system.
atic error. When permeability is calculated from the po.
larographic current an assumption must be made con.
cerning the geometrical relationship between the cathode
area and the sample. The simplest assumption, and the
one that has been used in the past, is that the movement
of oxygen through the sample is confined to an area
equal to that of the cathode. In reality, the path of oxygen
molecules moving from the distal surface of the sample
to the cathode is as shown in Figure 1. The assumption
that oxygen movement is confined to a volume directly
above the cathode leads to an overestimation of about
30% for low permeability. hard lenses and 25% for, higher
permeability hard lenses. Low permeability flat samples
of hard material will be about 25% too high while high
permeability flat samples will be about 16% too high. For
hydrogels, the measured permeability will be 30% too
high for all hydrogel lenses measured on a curved cath-

HYDROGEL MATERIAL
70 T T T T
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O Flat Somples ¢
60 @ Lenses 4
Cothode Diometer 4mm
Sompie Diometer € 10 10mm
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ﬁ I 50} o
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28 *r T
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0o 1 1 1 I
0 10 20 30 40 503107
TRUE PERMEABILITY
(CMZ SEC)(ML 02/ MLx MM HG )
/

Figure 8: Measured permeability as a function of true permeat’}"’y
for hydrogel lenses and flats. If there were no edge effect, all p?'“":'
would lie on the line of agreement. Although the percentage ¢ e
ence between measured and true permeability of hydrogels '
independent of true permeability, the absolute difference does

pend on true permeability.
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3 ode,.and 24% too high when measured in the form of
flats 'or lenses pressed onto a fiat cathode. The overesti-
mations described here are based on a cathode diame-
ter of 4mm and a sample diameter of at least twice that
amount. If the sample is less than twice the cathode
diameter, then the amount of oxygen coming through the
edges becomes very high. Figure 4 shows the effect on
measured permeability of a small sample.

The overestimation of permeability due to the edge
effect is demonstrated in Figures 7 and 8 for gas perme-
able hard materials and hydrogels respectively. These
graphs show that the absolute difference between true
and measured permeability is higher for high permeabil-
ity materials, even though the percentage error is less for
high permeable hard materials and independent of per-
meability for hydrogels.

The most extensive study of gas permeable hard lens
materials has been made by the singie chamber polaro-
graphic method.® In this study, permeabilities of 14 mate-
rials were reported. No edge effect correction was made
sc the permeabilities are overestimated. However, the data
can be converted to a comparative study by taking one of
the 14 materials as a standard and ranking all the others
in relation to it. Table Il shows the 14 materials with the

— T I

3M Flurofocon A material arbitrarily taken as 100. The
relative permeabilities without an edge effect are shown
in column 4. Column 5 shows that the materials would
rank in the same order when the edge effect correction is
made but the actual relative permeabilities would be
slightly different. i

CONCLUSIONS

1. The assumption of all oxygen movement through
the sample in a direction normal to the cathode surface
is invalid. An edge effect correction of 15-40% must be
made to account for oxygen that enters the sample from
a distal surface area that is larger than the cathode area.

2. The edge effect is different for lenses and flat
samples.

3. The edge effect correction is dependent on perme-
ability for gas permeable hard materials.

4. If one oxygen permeable material is taken as a
reference, then all others can be compared to it, thereby
giving a “relative permeability” that is almost independent
of permeability.

5. Lenses for permeability studies should be at least
twice the diameter of the cathode.

. TABLE Il
Permeability and Relative Permeability at 35° C
of Gas Permeable Hard Materials

(1) ()

(4) (5)

( .
Permeability* @ 35°C  Permeability” @ 35°C Relative Permeability Relative Permeability

Material
without edge effect with edge effect without edge effect with edge effect
correction correction correction correction -
3M 95 x 10~ 78 x 101 100 100
Paraperm EW 1i 92 75 97 96
Optacryl Z 67 54 7 69
Alberta Supra B 66 53 69 68
Equalens - b5 44 58 56
Optacryl EXT 54 43 57 55
Paraperm EW 49 3? 52 50
Aiberta N 40 3 42 40
Paraperm O, Plus 39 31 41 40
Alberta 3 36 28 38 36
Boston IV 24 18 25 23
Alberta 2 22 17 23 22
Paraperm O, 18 14 19 18
Boston i1 14 11 15 14

" Units of Permeability are (cm?/sec) (ml Oz/ml x mm Hg}.
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APPENDIX I

Oxygen Transport in a Lens Compared to a Flat Disc of the Same Area

Measurement of oxygen permeability of contact lens

materials can be made on lenses or flat discs. In the |

case of a lens there is a slight convergence of the

oxygen flux lines because of the curvature. This effect

gives a slightly higher oxygen transport through a lens
compared to a flat sample when the polarographic cath-
ode has the same area in both cases. Figure 9 shows
the convergent flux lines for a lens.

Rationale for a Curved Surface Sensor and Measure-
ments on Contact Lenses. In an earlier study® it was
demonstrated that fiat samples and. finished lenses of
the same material yielded the same permeability values

- within the precision of the measurements made in that

study. We will show here, however, that the edge correc-
tion is greater for lenses than for flat sampies..Since the
edge correction introduces some uncertainty in the mea-
sured permeability there would appear to be reason to
make all measurements on flat samples. This conclusion
is, however, not warranted. The new high permeability
hard materials are often not available as flat discs, partic-
ularly it the material is designed for molded lenses.
Machining of lenses is a very different procedure from
that used in preparing flat samples so if measurements
of permeability are to have any clinical relevance they
should be made on lenses. Finally it must be borne in
mind that flat samples must be obtained from the manu-
facturer of the polymer. He may have an interest in the
outcome of the measurement. When measurements can

; { CONTACT
LENS

CATHODE .

NOT TO
SCALE

Figure 9: Schematic diagram of a lens on a cathode. The effect of
the convergent oxygen flux lines due to the spherical surfaces of the
lens must be added to the effects of convergence shown in Figure 1
for the fiat sample.

be made on lenses it is possible to obtain lenses anony-
mously from distributors or clinics.
The curved sensor does pose some problems but they

~ can be solved. Lenses for permeability measurements

must be an alignment fit on the sensor; a poor fit may
lead to lens breakage. The curved sensor is best used in
an air bath where the temperature is more difficult 1o
control than in a water bath. The advantage of the ajr
bath is that there is no need for stirring, whereas in the
water bath, adequate stirring is essential. Even with
vigorous stirring there is no assurance that the stagnant
water layer on the sample surface can be made repro-
ducible from one sample to-another.

The comparison between a lens and a flat sample can
be derived as follows.

Fick's law of steady state diffusion through a thin
sphere is written, - :

J = ADk (dP/dr) (A-1-1)
where J is the oxygen transport rate, A is the area of the
sphere, Dk is the permeability of the material, and dP/dr
is the oxygen tension gradient across an infinitesimally
thin shell. The area of a sphere is 4wr® so equation
A-1-1 becomes,

: J = 4nr?Dk (dP/dr) (A-1-2)
Rearranging equation A-1-2 and integrating gives,
' J = Dk dP/axw (dr/r) - (A-1L3)

For a shell, the inside radius is taken as r, and outside
radius as r.. The oxygen tensions are P, and P, at these
points. Integration of equation A-I-3 for a lens in the form
of a hemisphere gives,

Jss = 2w DK (P2 — Py) / ((Iry) = (Ir3))  (A-+4)
where the subscript ss is added to indicate a spherical
shell. This hemisphere will have an inside surface area
of 27r?

A flat sample of the same material on a flat pofaro-
graphic cathode will allow an oxygen transport of,

Je = 22 D(Py ~ Po)/ (ry ~ 12) (A-1-5)
where the subscript F indicates a flat cathode and
ry ~— rpis simply the thickness of the sample.

Dividing equation A-I-4 by equation A-I-5 gives,
Jesdr = /1y (A-1-6)
For a lens of front radius 8.3mm and base curve 8.2mm
(thickness of 0.10mm) the ratio is 1.012. The ratios for
thicker lenses, all with base curve 8.2mm, are: 0.2mm.
1.024; 0.30mm, 1.037; and 0.40mm, 1.049. These oxygen
transport ratios are in addition to any oxygen movement
near the edge of the sample that can be attributed to an

edge effect.
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APPENDIX II

" Application of the Edge Effect Correction by an Equation

Fick's law of diffusion yields the expression:
(L/DK)y = (L/DK), + (1/Dk)g. + Lot (1/DK)y (A-11-1)
for the diffusion resistance through several layers in
series in the absence of edge effects. The subscripts T,
p, BL, and cl refer to total, paper, boundary layer, and
contact lens (or flat sample) respectively. The L term is
the center thickness of a contact lens or flat sample with
paralle! surfaces. If the lens has optical power outside of
the range —3.00D to +3.00D the center thickness may

not accurately represent the average thickness of the

lens. Also, since we have not examined the effect of
variation of lens thickness along its diameter on the edge
effect, at present it is necessary to restrict the proposed
method for correcting measured-permeabilities for edge
effect to parallel surface samples. For this reason
permeability measurements should be made on parallel
surface flat plates or spherical shells or lenses of low
optical power, preferably between — 1.50D and +1.50D.
The term (L/DK)y in equation A-li-1 is calculated from
the polarographic electrical current via the equation:
(L/DKk)y = Clir (A-11-2)
where C is the polarographic cell constant. In practice,
there is an edge effect, so the true total current it is not
observed, but instead, a measured current i, is recorded.
Dividing the cell constant C by this measured current
gives a “measured” inverse of total transmissibility that
inciudes edge effects. That is,

Clim = (L/DK)m (A-fI-3)
combining equations A-1I-2 and A-1I-3 gives:
(L/DK)m, = (LDK)t (i/im) (A-11-4)

Figures 2 and 3 show that the ratio of oxygen flux
through a flat sample or lens with and without edge effect
is, to a good approximation, a linear function of sample
thickness for materials in the permeability range of zero
o 100 x 10~ ". When the relationship between flux
ratio and sample thickness is linear, we can use the
Properties of that linear relationship to -arrive al a cor-
fection factor for permeabilities measured without regard
lo the edge effect correction.

We must, at this time, confine ourselves to a system in
which the wet paper under a gas permeable hard sample
15 0.030mm thick and has a permeability of 15 x 10~
because these were the conditions used in caiculation of
the data presented in Figures 2 and 3. :

For the straight lines in Figures 2 and 3 we can write:

(L/DK)m = (LDk)y (1/(a + bL)) (A-11-5)
Where a is the intercept and b is the slope of the lines in

Qures 2 and 3. The term (L/Dk)y can be taken from

fguation A-1I-1 and inserted into equation A-l1-5 to give:

(LDK)y, = ((L/DK)p + (L/DK)gL +Lg (A-11-6)
(1/DKk)e) (1/(a + bL))

Th?- procedure for measuring oxygen permeability re-

, Juires that (L/DK),, is plotted as a function of L, to give

thStraight line of slope (1/Dk)y. Equation A-11-6 however

will not yield a straight line if (L/Dk),, is plotted as a
function of L. The data will approach a straight line only
as L approaches zero or as the edge effect approaches
zero. This effect is illustrated in Figure 10.

The practical implications of equation A-ll-6 can be
demonstrated by assuming several values of (Dk), and
using observed values of (L/Dk), + (L/Dk)g. and then
calculating (L/Dk). The calculated (L/Dk),, is plotted as
a function of L and a least squares line is fitted to the
result.

The slope of this straight line.gives a calculated (Dk)q
that can be compared to the true value of (Dk), that was
assumed when (L/Dk),, was calculated from equation
A-li-6. . .

Tables A-ll-1 through A-lI-4 give (L/DK),, for four lenses,
or flat sample thicknesses from 0.1mm to 0.4mm for both
gas permeable hard materials and hydrogels. Note that
the thicknesses given in the tables are in cm. The values
of (Dk/L)n, listed in the tables are those that would be
observed in the presence of edge effects. These (L/Dk),,
values are used to fit a straight fine to (L/Dk),, versus L
for each true value of Dk. The equation of the line is:

(L/Dk)y, = G + HL (A-H-7)
where G = (L/Dk), + (L/Dk)g. and H = (1/DK),. To
make the calculation representative of laboratory practice
only (L/Dk),, from samples of thicknesses 0.10, 0.20,
0.30, and 0.40mm were used. The dotted lines in Figure
10 show that the least square lines are a good fit to the
points if no thicknesses above 0.40mm are used. Figure
10 also shows the difference between (L/Dk) that would
be observed in the absence of edge effects, the heavy
dashed lines, and the actual (L/Dk),, observed in the
presence of edge effects for the two lens samples used
in this example.

Figure 10 demonstates that for samples of the thick-
ness used in laboratory measurement of permeability
there is little deviation from a straight line unless the lens
is thicker than 0.30mm. Therefore linearity of measured
{(L/'Dk) versus L cannot be taken as evidence for the
absence of an edge effect. The edge effect is present in
the data of Tables A-lI-1 through A-ll-4 and causes the
calculated Dk values to be 15-35% too high. Figure 6
shows that the overestimation of Dk is greater for low
permeability hard materials and for lenses compared to
flat samples. For hydrogels, the overestimation is inde-
pendent of permeability, but is higher for lenses than for
flat samples.

For the new very high permeability hard materials,
above 75 x 10~"', the overestimation of measured
permeability is lower than for hydrogels. This means that
when hydrogel and gas permeable hard lenses are com-
pared, using permeabilities uncorrected for edge effect,
the hydrogel lens will appear to have a transmissibility
advantage.
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TABLE A-li-1
Measured Permeability as a Function of True Permeability
for Gas Permeable Hard Lenses

True Permeability

Thickness
cm 5x 10~ 10 x 10~ 15 x 10~ " 25 x 10~ 50 x 10-'* 100 x 10" 200 x 10~ "
0 (LUDKy, = 2.8 x 107 2.8 x 107 2.8 x 107 28 x 107 2.8 x 107 28 x 107 2.8 x 107
0.01 21.4 121 9.0 6.53 4.68 3.75 3.28
0.02 38.1 20.4 14.6 9.90 6.40 4.62 3.74
0.03 53.1 27.9 19.6 13.0 7.99 5.44 4.17
0.04 66.7 34.7 24.1 158 9.45 6.20 4.57
r = 0.99900 0.99897 - 0.99899 0.99914 0.99933 0.99955 0.99951
G = 7.07 x 107 4,95 x 107 4.23 x 107 3.60 x 107 3.16 x 107 2.96 x 107 2.87 x 107
H = 15.1 x 10° 7.54 x 10° 5.03 x 10° 3.08 x 10° 1.59 x 10° 0.82 % 10° 0.43 x 109
(DK)m = 6.63 x 10-"" 133 x 10" 199 x 10" 325 x 10~"" 629 x 10°"" 122 x 10~"* 233 x 10~ "
(DK)pp, / (DK)rrue = 133% 133% ' 133% 130% 126% 122% 116%

(LUDK) = G + Hicm.

*(LUDk)m at L = O is an estimated point but is not used in the least square fit of (L/Dk),, and L that gives G and H in the equation

—(SEC/CM)YML / MLO, x MM Hg)

m

(L /Dk)

16 x 107 .

-

.l/
/.

LENSES |
Dk=25x 10""..;

/

12

-

Dk=I00x 10

_—

——- NO EDGE EFFECT
—— WITH EDGE EFFECT
LEAST SQUARES FIT

1 |

|
—

0.0 0.20 030
SAMPLE THICKNESS— MM

O

040

-

Figure 10: Sample plots of measured inverse transmissibility (polarographic cell current multiplied by cell constant) as a functioq of sgml::
thickness. The solid lines are fitted through sample data points. The dashed lines are the theoretical data that would be obtained in !
absence of an edge effect. The dotted lines are a line fitted by least squares through the data points that include the edge effect.
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; TABLE A-lI-2
: Measured Permeability as a Function of True Permeability
for Flat Samples of Gas Permeable Hard Materials

(DK)m / (D)o = 126% 126% 126% 123% 119% 116%

Thickness True Permeability
cm 5x 10" 10 x 10~ 15 x 10~ 25 x 10~ 50 x 10~ 100 x 10" 200 x 10— M
0 (L/DK)m = 2.8 x 107 2.8 x 107 2.8 x 107 2.8 x 107 28 x 107 2.8 x 107 2.8 x 107
0.01 21.6 12.2 i 9.07 6.58 4,70 3.76 3.29
0.02 38.8 20.8° 14.8 10.1 6.49 4.67 3.67
0.03 54.7 28.7 . 201 13.3 8.16 5.52 422
0.04 69.3 36.0 T 250 16.3 9.73 6.34 4.64
r = 0.99931 - 0.99931 0.99931 0.99945 0.99957 0.99972 0.99769
G = 6.41 x 107 481 % 107 400 x 107 3.48 % 107 3.08 x 107~ 293 x 107 281 x 107
H = 15.9 x 10° 7.93 x 10° 529 x 10° 3.24 x 10° 1.68 x 10° 0.86 x 10° 0.46 x 10°
(DK} = 6.30 x 10~ 126 x 10~V 18.9 x 10~ 309 x 10~" 597 x 10" 116 x 10~ 217 x 10~ "

108%

(UDK)m = G + Hlem.

*(LUDK), at L = O is an estimated point but is not used in the least squares fit of {L/Dk),, and L that gives G and H in the equation

TABLE A-ll-3
Measured Permeabllity as a Function of True Permeability for Hydrogel Flat Samples
Thickness True Permeability
cm 5x 10~V 10 x 10~ " 20 x 10~ " 30 x 107" 40 x 10°" 50 x 10~V
0" (L/DK)y = 0 0 0 0 0 0
0.01 19.1 x 107 9.55 x 107 4.76 x 107 3.18 x 107 2.39 x 107 1.91 x 107
0.02 36.6 18.3 9.14 6.09 457 3.67
0.03 52.6 26.3 13.1 8.76 " 8.57 5.26
0.04 67.3 337 16.8 11.2 8.42 6.73
r = 0.99929 $.99929 0.99926 0.99930 0.99933 0.99918
G = 3.71 x 107 1.86 x 107 0.92 x 107 0.62 x 107 0.47 x 107 0.38 x 107
H= 1.61 x 10'° 8.04 x 10° 4.02 x 10° 2.68 x 10° 2.01 x 10° 1.61 x 10°
DK = 622 x 107" 124 x 107" 249 x 107" 373 x 107"" 498 x 107" 623 x 10~V
(DK)m / (DK)yye = 124% 124% ©124% 124% 124% 124%

in the equation (L/Dk)m = G + Hbem.

*(LDK), at L = 0 is an estimated point but is not used in the least square fit of (L/DK),, and L that gives G and H

TABLE A-lI-4 -
Measured Permeability as a Function of True Permeability for Hydroge! Lenses

Thickness True Permeability
cm 5x 10~ " 10 x 10~ " 20 x 10~ 30 x 107" 40 x 107" 50 x 107V
0 (DK} = 0 0 0 0 0 0
0.01 18.9 x 107 9.44 x 107 472 x 107 3.15 x 10’ 2.36 x 107 1.89 x 107
0.02 35.8 179 8.95 5.97 4.47 3.58
0.03 51.0 25.5 12.8 8.50 6.38 5.10
0.04 64.8 324 16.2 10.8 8.10 6.48
ro= 0.99895 0.99893 0.99893 0.99893 0.99895 0.99895
G = 4.40 x 107 2.20 x 107 110 x 107 0.74 x 107 0.55 x 107 0.44 x 107
H = 1,53 x 10'° 7.64 x 10° 3.82 x 10° 2.55 x 10° 1.91 x 10° 1.53 x 10°
(Dk)m = 6.54 x 107" 131 x 107" 262 x 10~"" 393 x 107" 523 x 107" 654 x 10°"
(DK)m / (DK)iye X 131% 131% 131% 131% 131% 131%

In the equation (LUDK)y, = G + Hlen-

_'(UDk),,, at L = 0 is an estimated point but is not used in the least square fit of (L/Dk)y, and L that gives G and H
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APPENDIX III
Flux Ratio Correction Terms for Samples of
Permeability Above 100 x 10~
The flux ratios as functions of sample thickness, shown Flux Ratio = 1.007 + a (A-HlI-1)
in Figures 2 and 3, are linear when permeability is 100 (L/Dk)s/(L/Dk),, 0-288884
x 107" or less. The computer calculated flux ratios for The coefficient a in equation A-lll-1 takes on the following | g
permeability of 200 x 10~"'" were not a linear functlon values for various flat sample thicknesses: 0.01cm, | §
of thickness. 0.0430; 0.02cm, 0.0650; 0.03cm, 0.0850; 0.04cm, 0.1030. i
At this high permeability the flux ratlo is a very sensi- For lenses, the a coefficients are: 0.01cm, 0.0435; | §
tive function of permeability, as shown in Figure 5. The 0.02cm, 0.0666; 0.03cm, 0.0881; 0.04cm, 0.1080. When | +
computational scheme may therefore have difficulty cal- the appropriate a term-is inserted into equation A-li}-1, s s
culating the flux ratios with the necessary precision. Note together with estimates of reciprocal sample and paper | -
that the range of flux ratios for a permeability of 200 x transmissibility, the flux ratio, as a function of sampie
10~" is only 9% for the entire range of flat sample thickness, can be calculated. For sample permeabilities
thicknesses from zero to 0.40mm. To circumvent this in the range of 15 x 10~ ' .t0 100 x 10~ "', these flux
apparent computational difficuity a curve fitting scheme -ratios are in good agreement with flux ratios given in
was used to find an equation that would linearize all of Figures 2 and 3. At permeability of 200 x 10~ '* equa-
the flux ratio data of Figure 5. These equations could tion A-lll-1 predicts a linear relationship between flux
then be extrapolated as straight lines into the range of ratio and sample thickness rather than the curvalinear J
very high permeability materials. The linear equations relationships shown in figures 2 and 3. The flux ratios, as
that were found to give a good fit to the computed flux linear functions of sample thickness for both flats and
ratio versus permeability over the entire range of perme- lenses with permeabilities of 200 x 10~'" and 400 x
ability from 15x 10" are of the form: 10~", are given in Table A-lli-1.
TABLE A-lll-1
Equations for Flux Ratio Versus Thickness From Empirical Equations
for Materials of Permeability Above 100 x [
Sample Permeability” Equation**
Flat 200 x 10~ Flux Ratio = 1.013 + 2.40 Lcm
Flat 400 Flux Ratio = 1.013 + 2.00 L¢m,
Lens 200 Flux Ratio = 1.013 + 3.56 L,
Lens 400 Flux Ratio = 1.013 + 3.16 L,
*Units of Permeability are (cm?/sec) (ml 0/mi X mm Hg).
**These equations are for (Dk), = 15 x 10~ ' and paper thickness 0.0030 cm.
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