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PREFACE

A two yearspost matric teaching program of Dispensing Opticianry Techntian for the students
of Allied Health Sciences. The purpose of this reading material is to provide basiceducation to
the paranedcs about Dispersing spectacles.This readingmateri attempts to cover almost all
the basc theoretical knowledge required by studerts about Dispersing, optics, spet¢ades

manufacturingso that they can performtheir work betterin Optical Laboratories.
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Section I

Unit 1:

Review of Elementary Mathematical Principles

Learning Objectives:

This chapter reviews the mathematical principles used in basic optics. If you are well
versed in mathematics, you may omit this chapter and use it for reference. The
Proficiency Test may help you determine your mastery of this subject. If the questions
are easy for you, continue on to the next chapter.
1. Students will be able to learn/ revise mathematical principles of algebra,
geometry and trigonometry.

THE METRIC SYSTEM

When using the metric system of measurement, it is bestto develop such familiarity
with it that it is no longer necessary to think of it in relation to the English system. For
example, it is much simpler to know how long a centimeter is than to ygure out what
fraction of an inch it might be. This can be done without much effort since most rulers
now have a metric scale on one edge. Additionally the interpupillary distance (PD)
rule, which no dispenser can be without for measurement of PD, uses the metric
scale exclusively.
The unit of measure upon which the metric system is based is the meter (m). All
other units are expressed as either multiples or fractions of that unit.
Just as there are 10 dimes in a dollar, so also are there 10 decimeters (dm) in 1 m.
Just as there are 100 cents ina dollar, so also are there 100 centimeters (cm) in 1
m. And just as the wormlike millipede is reputed to have 1000 legs, so also does 1
m have 1000 millimeters (mm).
A kilometer also has reference to a thousand, but thistime 1 kilometer D 1000 m.
Therefore:

1mD 10dm D 100 cm D 1000 mmand
1km D 1000 m

(Weight measures are in multiples of 10 as well, retaining the same preyxes as the
previously discussed linear measures. The basic unit of metric weight is the gram.)
If conversion from metric to English linear measurements becomes necessary,
conversion factors are:

1m D 39.37 in



l1cm D 0.394 in
1in. D 2.54cm

REVIEW OF ALGEBRA

Algebra uses positive and negative humbers and letters or other symbols to
express mathematical relationships (Table 11-1). These relationships are used in
formulas or equations. Letters or systematic symbols take the place of a number
that is either unknown or subject to changeto allow for dimensional variations.

Algebra offers versatility by allowing an equation to be altered to a new form
for a speciyc need. For example,the formula:

aDbDc

is in the best order if a and b are known, and c is unknown. (If ais equalto 1 and
b is equal to 2, what is c?) This form of the equation is not as easily used
if a isthe unknown. In this case it would be better to trans- form the equation
to make for greater ease in solvingfor a.

Transformation

To transform an equation, the components are moved from one part of the
equation to another. If a componentis moved across the equal sign, the sign of
the number moved must be changed from plus to minus or minus to plus. To
follow the logic behind a required change in sign, it is noted that the same
number (or symbol for a number) may be added to or subtracted from both sides
of an equation. If

1D2D3

the two sides of the equation are still equal even if 2 is subtracted from each
side:

1D2D2D3D2
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Figure 11-1. The concept of positive and negative numbersis easily illustrated by



use of a number line and is seen com- monly on instruments, such as a
thermometer.

then the equation becomes

% D 2Dc DbD
DaD bD

Positive and Negative Numbers

Positive and negative numbers are continuous with one another on the same line.
Both start at zero but begin ftounting dn opposite directions (Figure 11-1). Most
everyone uses both positive and negative numbers daily.

12.0 Figure 11-2. lllustrating the relationship between positive and negative
numbers, the prescription shown has a value of

D2.00 14.00 D 90. The difference between positive and negative meridian is

the value of the cylinder, which is 4.00 D.

numbers. Again this can be most easily illustrated using the thermometer
concept. How many degrees colder is

110° than D10°? When the mercury drops from D10° to 1 10°, it travels 10 units
to reach zero and another 10 unitsto reach 1 10°. The drop in temperature is a
total of 20°.In optics this is most directly applicable to cylinder values. If the 90-
degree meridian has a power of D2.00 Dand the 180-degree meridian a power
of 12.00 D, howstrong is the cylinder (Figure 11-2)? (The cylinder valueis the
difference in power between the two major meridians of a lens.) On a number
line, such as found on conventional lensmeter scales, it is readily seen that a
total of 4 units must be traveled in going from the D2 mark to

the 12 mark. Therefore the value of the cylinder is 4.

Use of the Reciprocal

The reciprocal of a number is obtained by dividing that number into 1. For
example, the reciprocal of 2 may be written as 1 D 2, or 1/2, or 0.5. Conversely,
then the reciprocal of 0.5 is 1 D 0.5, or /0.5 or 2.

In optics reciprocals are used to convert focal lengths into dioptric units of
lens power. If the focal length ofa lens is 0.20 m, the dioptric power of the lens
is the reciprocal of that focal length.

1 _p
For example, when the thermometer drops below zero, negative humbers are used
to describe the temperature. When something is indicated as being 300 feet below
sealevel, it can be said to be at 1300 feet. In this case sea

0.20m



Roots and Powers
5D of lens power
level is the zero point.

In working with negative numbers, one must remember how they relate in their

distance from positive

When a number is multiplied by itself, it is said to be squared. For
squared D 100, which is another way of saying 10 D 10 D 100.
abbreviated mathematically by a superscript 2 written above and t

example, 10
fi §uared ds
o the right of

the number. The number indicates that 2 units of that same number are to be

multiplied by each
other. Ten squared (10AL0) would be written as 102. It may also be
to the second power. If 102

spoken of as 10

equals 100, the Aaotd from which the result of 100 has fgrow n was the quantity 10

squared. Therefore the square root of is 100 is 10. To ynd the
number, the operation is indicated by the symbol + enclosing
example,

~100 10

square root of a
that number. For

A number can be frais e d@ any given power; in other words, a number can be

multiplied by itself any number of times. This operation is aga
superscript:

in indicated by a

(+2, +3)

Y Axis

I +4 ]
+3 ]
(i2, +1) i
o +1 -

X Axis 1
10° D 1041040 D 1000 A
10 D 104104040 D 10,000 i

a° D aaaaa s

i3
and so forth. 1l 14

i (+4,13)
- L]

r v

When indicating that the quantity is multiplied byitself a given nt
is also possible to placethe superscript outside a parenthesis. This

5

mber of times, it
indicates thatthe



whole quantity within the parentheses is multiplied by itself the number of times
indicated by the superscript.
For example,

(ak)? D (adb)(ak)

REVIEW OF GEOMETRY

Since geometry is used fairly often in optics, a basicunderstanding of it is essential.

It might be said that the concept of geometry is built on a firiangular foundati o n, 0
which is to say that understanding the mathematics of a triangle is the basis for
understanding geometry.

The Cartesian Coordinate System

The Cartesian coordinate system is a method of graphical localization of a point in
space. In two-dimensional space, which is a pat plane, such as a sheet of paper,
localization may be done with a paired set of numbers, x and

y. These two numbers symbolize the horizontal and vertical location of a given point
with reference to an original point: x is the number of units to the right (D) or to the
left (i) of the zero point, whereas y refers to the localized point above (D) or below (i
) this point (Figure 11-3). The reference point, or origin, is speciyed as (0,0). The
horizontal location (x) is always given as the yrst number in the pair, and the vertical (
y), as the second. The Cartesian coordinate system allows for ease and clarity of
localization of any point, line, or geometric ygure.

Figure 11-3. The Cartesian coordinate system allows the spec i yrepeatable
localization of points in space. The x- and y-axes divide an area into four quarters
known as quadrants. The upper right-hand quadrant is termed the fi rst quadrant,
or quadrant I. Quadrant Il is the upper left quadrant, quadrant Ill the lower left,
and quadrant IV the lower right.

Triangular Forms

There are 360 degrees in a complete circle. The wedged end of a pie-shaped
piece of the circle contains a given number of these 360 degrees. The number
of degrees contained between the two edges of the piece of pie thatmeet at the
point is the degree measure of the angle formed.

A triangle contains three such points, or angles. The sum of the three angles
contained within a triangle always equals 180 degrees.

If any one of these three angles is a 90-degree angle, the triangle is known as
a right triangle (Figure 11-4). It obtains its name from the angle itself since 90-
degree angles are known as right angles. The side of the triangle opposite the
right angle is called the hypotenuse. If one of the angles of a triangle is 90 degrees,
it logically follows that the sum of the two remaining angles must be 90 degrees.
In any right triangle, there is a certain relationship that exists between the
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lengths of each of the sides. Thisrelationship states that for a right triangle, the
length of the hypotenuse squared is equal to the sum of the squares of the remaining
two sides. This relationship is referred to as the Pythagorean theorem (Figure 11-5)
and may be abbrevi- ated as a®> D b? D ¢? where ¢ is the length of the hypotenuse
and a and b the lengths of the two remaining sides.

Triangles even more spe c¢ i iy shape than the right triangle also can have more
speciyc established relation- ships between their sides. For example, a triangle
whoseangles are 45 degrees, 45 degrees, and 90 degrees has two

10°
Base
80°
Hypote
90° nuse
Altitude

Figure 11-4. A right triangle contains one angle that is 90 degrees.

b
Figure 11-5. The Pythagorean theorem states that a?> + b? =
c?. This theorem is valid only for right triangles.

45°

90°

45°




90°

30°

+3
Figure 11-7. The relationship between the lengths of the sides for a 30-degree, 60-
degree, and 90-degree triangle.

Similar Triangles

When two triangles have exactly the same shape but different sizes, they are said

to be similar triangles. Similar triangles have (1) corresponding angles that are
equal and (2) corresponding sides that are proportional in size (Figure 11-8). This
corresponding size relationship helps considerably in ynding unknown linear
measurements when other corresponding measures in a similar geo- metrical
con yYuration are known. Simple algebraic equalities may be used to ynd these
unknown dimensions.

Figure 11-6. The relationship between the lengths of the sides for a 45-degree, 45-
degree, and 90-degree triangle.

sides of equal length. If each of these sides is taken as
ab bD cD

(See Figure 11-8.)



Sample Questions:

1. If a vertical stick protruding 0.80 m out of the ground castsa shadow 0.30 m
long, how high is a pagpole nearby thatcasts a shadow 5 m long?
being 1 unit long, then the hypot en(se will be units
long (Figure 11-6). This follows from the Pythagorean theorem. (If this triangle
occurs, algebraic equalities may be used to simplify solutions to a given problem.)
Another triangle with s p e c side-tength relation- ships is the 30 degrees-60
degrees-90 degrees triangle. In this case if the shortest side is taken as 1 unit of
length, the second sidigwill be units, and the hypotenuse 2 units (Figure 11-7).
Solution
Referring to Figure 11-8, a corresponds to the 0.80 m stick,b to the 0.30 m shadow.
The 5-m pagpole shadow corresponds to bD and the unknown height of the
pagpole to aD.
In other words,

aD080mbDO0.30mbD D 5m
B¢

Ct

at

A C At

Ceth

he
Figure 11-8. Similar triangles facilitate calculation of
unknown dimensions from those which are already
known. Capital letters represent angular measures;
small letters stand for side lengths. In similar



triangles, angles A D AD, B D BD, and C D CD.

since

ap b

aD bD
0.80 D 0.30

aD b5

ansoddo

0.80p D0.3 0 @M

D0.80DD5D [ 4p
30

Adjacent
OpaD D 13.33m
This means that the pagpole is 13%/3 m high.

REVIEW OF TRIGONOMETRY

The section on geometry demonstrated how unknown length dimensions can be found
when one dimension of a triangle is known along with the dimensions of a similarly
shaped triangle.

This can also be done when only one dimension ofa triangle is known using the
angular measures of the triangle. This method uses trigonometry.

If the speciyc angles of a given triangle are known, it is possible to predict the ratio of
any two sides of a tri- angle using a concept of similar right triangles. One can
determine unknown dimensions of a triangle through the use of these predetermined
ratios, which are knownas trigonometric functions.

Figure 11-9. Although the position of the hypotenuse remains constant, the sides
termed opposite and adjacent vary as to which of the angles is being referred to.

For a given angle of a triangle, there are three main ratios of importance. In
Figure 11-9, if angle A is the angle being used, then the ratio of

thesideoppositeangleA  ha sine of angle ahypotenuse

10
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The ratio of

thesideadjacenttoandleA  ha cosine of angle ahypotenuse

And the ratio of

thesideoppositeangleA D the tangent of angle Athis side adjacent to angle

A
These are abbreviated more commonly as

sinAD 2R
hyp
COSA Dldl
hyp
tanA D 222
adj

Sine, cosine, and tangent ratios are found by using acalculator preprogrammed for
these functions.
2. The image of an object 6 m away from a prism is displaced upwards 10 degrees by

that prism. How far above the original position does the image now appear to be?
(Figure 11-10shows this situation.)

Solution

The ratio used for the 10-degree angle must include the known dimension and the

dimension that needs to be calculated. In this case the needed dimension is that

which is opposite the 10-degree angle, and the known dimension is the one adjacent

to the angle. The proper trigonometric function must contain both of these sides. The

function containing both opposite and adjacent sides is the tangent of the angle.
Therefore if

tanD D 2R
adj

then

tan 10 degrees D obp
6

A calculator tells us that the tangent of 10 degreesis 0.17632. Sotan 10 degrees
D 0.17632. This means that

11



0.17632 D 2RR
6

Using algebraic transformation,

opp D (0.1763) (6)
D 1.06 m

This indicates that the image is displaced 1.06 m from its original position by the
prism.

12



Unit 2:

characteristics of ophthalmic lenses

Learning Objective:

An understanding of lens optics begins with basic study of the action of a single ray of
light and how it is affected when passing into or through a transparent optical surface.
Principles of reflection and refraction of light form the basis for understanding the
nature of prism. Vision takes place when rays of light from an object or objects are
brought together in focus on the retina of the eye. Once again, the process of
refraction, or bending of rays, is involved. This time, however, a curved refracting
surface is required so multiple rays will all be either directed toward or away from a
specific point in space.

At the end of this unit, students will be able to;
1. Understand the action of a curved surface on more than one ray of light is the
basis for comprehending the optics of lenses.
2. Learn process of refraction, reflection and absorption of light through lenses.

THEORY OF LIGHT

To understand the way light behaves for lenses, we needto look at the nature of light
itself. In simplistic terms, when light travels, it behaves in two ways:
1. Like a wave generated by dropping a rock into apond (Figure 12-1).
2. Like a particle or photon. This could be compared with a controlled and
continuing i epkosionoof light that might be visualized in Figure 12-2.
For our purposes, we can best understand light as awave.

D e yimg Light Waves

A light wave has certain characteristics as shown in Figure 12-3. The highest part of
the wave is called the crest, and the lowest, the trough. The vertical distance from
the trough to the crest is called the amplitude. The greater the amplitude is, the
greater the intensity of the light. The horizontal distance from one crest to the next
is called the wavelength. As wavelength changes, so doesthe perceived color of
the light.

The Visible Spectrum

The wavelengths of light that are visible to the human eye vary in length from 380
to 760 nm. These are onlya small part of what is called the electromagnetic spectrum.
The electromagnetic spectrum goes from very short cosmic or gamma rays to
extremely long radio waves

13



(Figure 12-4). Human vision is sensitive to only a very small portion of the
electromagnetic spectrum.

When the sun radiates visible light, it includes the entire visible spectrum.
When we see the whole spec- trum of visible wavelengths together, we perceive
the light as being white; when we see only one wavelength of light or several
wavelengths that are very close to one another in length, we see that light as
one speciyc color.

Colored Light

When white light is broken up into its component colors, it has a s p e cadrdgrof
colors. Those colors of the rainbow were memorized by most people in
elementary school by using the acronym for the imaginary name fRoy G Biv 0
(Figure 12-5). The letters refer to the colors red, orange, yellow, green, blue,
indigo, and violet. In optics we order colored light according to wavelength,
starting with the shortest and going to the longest. The shortest visible wavelength
is blue, and the longest is red. Therefore we need to consider the fRoy G Biv 0
acronym as being spelled backwards (vib g yor).

Technically, each wavelength has its own color. However, the changes in
color from one wavelength to the next are so small that we can only discriminate
in wavelength areas. Figure 12-6 shows approximate wave- lengths and their
associated colors. Interestingly enough, different cultures make the color break at
different places. For example, at the border between blue and purple, some
cultures will identify that finkbetween davavelength area as blue, whereas another
will call it purple.

A luminous or primary source is one that generates light. A candle would be

an example of a primary source of light. The color of such an object depends
upon the wave length(s) of light that the luminous source generates.
A secondary source of light is one that is repecting light from a primary source.
The moon is a secondary source of light, or a sweater would be a secondary
source. The color of a secondary source of light depends upon what
wavelengths it is r e ftieg. A white shirt repects all wavelengths of light. A blue
shirt r e pteanly blue light and absorbs all other wavelengths. A black shirt
absorbs all wavelengths of light. With this in mind, it is

14



Figure 12-1. Light can be
thought of as traveling away
from its point of origin in
waves, much like what
happens when an object is
thrown into a smooth pond,
causing a wave to travel
outward.

Figure 12-2. Light can also be
thought of as particles of
energy leaving the source.

Crest

Y

< J—

VAN /L :
\./ \4;

Figure 12-3. Light waves have crests and troughs,
with a wavelength being measured from crest to
crest
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REFLECTION

Unless interrupted, a single ray of light travels in a straight line. Placing a highly
repective object in its path causes the light to bounce back at an angle. This type of
r e p endstcalled regular or specular refl ection (Figure 12-7). The angle at which the
light strikes the surface is known as the angle of incidence (Figure 12-8).

The Visible Spectrum is Only a
Small Part of the Larger

Electromagnetic Spectrum

\‘b

\Q) \Q) @

o SR

1L

(Not to scale)

Figure 12-4. Visible light is only a small part of the
larger electromagnetic spectrum that includes
everything from very short gamma rays to extremely

long radio waves.

Roy G. Biv

16

Regular
reflection

(specular)
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Figure 12-5. When we consider light, we generally go

from left to right, starting with the shortest violet wavelengths and ending with the
longer red wavelengths. So when looking at the order of the colors, the traditional
acronym, i RyoG Biv,owill be spelled backwards.

Reflecting surface
Figure 12-7. Specular or regular r e ptiencoccurs with asmooth surface.

) Angle of Angle of -1
Violet Blue Green Yellow Orange Red incidence reflection

<2 = 72 [>a P53 o2

(2 & {2 r-3) 2 =
gemaeX 2% g% g%z RN

Figure 12-6. How color and wavelength correspond.

Figure 12-8. For r e pted tight, the angle of repection always equals the angle
of incidence. Both angles are measured from a line perpendicular to the
repecting surface known as the normal.

Qﬁuse reflection
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Diffuse reflecting surface

Figure 12-9. Diffuse repection occurs when light strikes a surface that is matte or
irregular.

THE SPEED OF LIGHT AND REFRACTIVE INDEX

Light is able to travel faster through some materials thanthrough others. Simply stated,
some materials have more resistance to the speed of light than others. There is no
resistance to light in a vacuum because there is nothing in a vacuum. Light travels
at its maximum speed of about 186,355 miles/sec (or 299,792,458 m/sec). However,
whenlight enters a clear medium, such as water, there is resistance, and the speed
of light slows. The medium of less resistance (such as air) is said to be the rarer
medium. The medium of more resistance is said to be the denser medium.

The amount of resistance to the speed of light that slows it down is represented
by a number. This number is referred to as the refractive index. The more the mate-
rial slows the passage of light, the higher is its refractive index.

The number for the refractive index of a given substance is obtained by
comparing the speed of lightin a vacuum with the speed of light in the new subtance.
It is written as a fraction. The speed of light in a vacuum is on top (the numerator)
and the reduced speed of light in the new substance on the bottom (the
denominator). The speed in the denominator is always the slower speed and smaller
number; thus the fraction will always come out greater than 1. Here is how it is
written:

SpeedoflLightinaVacuum Speed of Light in New Substance
D Absolute Refractive Index

Because there cannot be less resistance to the speed of light than nothing at all
(a vacuum), this number for the refractive index is called the absolute refractive
index.

However, we live on earth where most everything is surrounded by air. Since light
travels almost as fast in air as in a vacuum, we use air instead of a vacuum as the
standard when calculating refractive index. Since the value for refractive index
obtained is relative to air instead of to a vacuum, the refractive index obtained in this
manner is called the relative refractive index. This is expressed as the fraction:

Speed of Light in Air Speed of Light in New Substance
D Relative Refractive Index

Refractive index is commonly abbreviated as n, and the number we use when
speaking of refractive index is really relative refractive index.

18



REFRACTION

When light strikes a new, transparent medium straight on (at a 90-degree angle,
perpendicular to the surface), the light slows down, but continues on in the same
direction.

But when light strikes a new substance or medium at an angle, the change in
speed in the new media causes the light to change direction. Consider, for
example, the case of light passing from a low refractive index medium, such as air,
to a higher refractive index medium, such as water or even glass, which are both
denser than air. To understand what is happening and why, consider the
analogy of a car traveling on a smooth substance with little resistance, such as
a smooth, paved road. In a moment of inattention, the car drifts to the side and
encounters a rough substance, such as the gravel shoulder of the road. When
the right wheel hits the rough gravel, in which direction does the car want to go?
Because the right side of the car slows faster than the leftside, the car pulls to
the right.

When a light ray passes from a rarer medium (low refractive index) and strikes
a denser medium at an angle, the light will be bent, or refracted. The direction
of the refraction is toward the normal to the surface (Figure 12-10). Remember,
the i nrroa | t@ the surface is a line perpendicular to the surface at the place
where the light strikes the surface.

Snel ¢ léaw

If the refractive indices of both media through which light is traveling are known,
the angle of refraction fora given angle of incidence is predictable. It may be
calculated geometrically using the sines of the angles of incidence and
refraction. It is expressed algebraically as:

nsini D nD siniD.

This is known as Snell& law.

Low refractive index
(like air)
Angle
of
incidence

High refractive index
(like water)

i¢

Angle
of

refraction
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n (lower index)

ne (hinher index)

Figure 12-10. The ygure shows the bending or refraction of light going from a rarer
to a denser medium. To see how light is bent going from a denser to a rarer medium,
simply turn the ygure upside down and visualize it traveling in the opposite direction.

Figure 12-11. The angle of deviation is the angular changein light direction
from its original path.

Angle of Deviation
The angle of refraction is the angle of the refracted ray with reference to a line
perpendicular to (normal to) the refracting surface. It does not directly tell how
much theray has deviated from its original path. This amount of that the light
has deviated from its original path is calledthe angle of deviation (d) (Figure 12-
11).

It can be seen from the geometry of the ygure thatfor light leaving a rare
and entering a dense medium,i D d D iD. Therefore the angle of deviation is
dDi1 iD.

In prev. example, asked for the angle of refraction for light enter-ing a new medium
at an angle of incidence of 30 degrees. The angle of refraction was found to be
19.2 degrees. Knowing this, what is the angle of deviation?

We know that the angle of deviation is:
dDiT iD.

Since the angle of incidence (i) is 30 degrees and the angleof refraction (iD) is
19.2 degrees, then:

dD 301 19.2
D 10.8 degrees.
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~ . Object appears
~ _ tobe here
~

P |

Object is here

Figure 12-12. When light from an object in another media, such as water, is seen at
an angle, the light rays are bent, making the object appear to be somewhere other
than its actual location.

Figure 12-13. A ray of light entering a parallel-sided slab of glass perpendicular

to both surfaces will pass through without ever changing direction.

The angle of deviation is calculated as d D iT iD because light is leaving a rare medium
and going into a dense one. When the opposite situation exists and light is trav-eling
from a dense medium and entering a rare one, the angle of deviation would become
d DD 1 i. An exampleof light coming from a dense medium, like water, and traveling
into a rare medium, like air is shown in Figure 12-12. This ygure helps to explain why
objects that are viewed below the surface of water are not always wherethey appear
to be. Attempts to spear the ysh in ygure 12-12 would be unsuccessful unless the
spear ysherman compensated for the apparent location of the ysh.

PRISM

When Light Goes Straight ThroughParallel Surfaces

When light leaves air and enters a slab of glass, the light travels more slowly in the
glass. If the two sides of the glass slab are parallel and the light enters perpendicular
to the front surface, it does not bend at all. It simply slows down. And when the ray
of light strikes the back surface of the glass, it is still perpendicular to the surface and
does not bend. It comes out the other side of the slabof glass unchanged in direction.
The light leaves the other side of the glass at exactly the same 90-degree angle that
it yrst entered (Figure 12-13). (Incidentally, when the light leaves the glass and goes
back into air, it speeds back up to its original, expected speed in air.)

When Light Goes Through Parallel Surfaces atan Angle

If light strikes a parallel-surfaced slab of glass at an angle, the ray will be bent at each
surface in accordance with
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Figure 12-14. Light entering a parallel-sided slab of glass at an angle is bent at
both front and back surfaces. If the mediaon both sides of the material are the
same, as when the slab is surrounded by air, the ray of light will leave parallel
to its original direction. Although traveling in exactly the same direction, the ray
of light will be displaced laterally. The amount of displacement depends on the
thickness of the slab.

the rule of refraction. Since the indices of the glass and of air at both surfaces
are the same, the emergent ray and the incident ray will be parallel, just as when
the ray struck the glass from straight ahead. The only differenceis that it will be
slightly displaced laterally. The amount of displacement depends upon the angle
at which the incident ray struck the glass and the thickness of the glass (Figure
12-14).

When the Two Surfaces Are Not Parallel Suppose that the two surfaces of
glass are not parallel toone another as shown in Figure 12-15. In this ygure
a ray of light strikes the yrst surface straight on, at a

90-degree angle. It is not bent from its original path. However, the second
surface is at an angle to the yrst surface, giving the glass a prism shape.

The ray of light continues to pass through the glass and strikes the second
(angled) surface at an angle. In
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How diverging

become parallel
Figure 12-17. By looking at
light passing through a series
of apertures, it is easier to
see that the farther from a
source light rays travel, the
less they diverge from one

rays
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another. And the less they
diverge from one another, the
more parallel they become.

Figure 12-15. Here light strikes the yrst surface straight on and is not bent until it
reaches the second angled surface. Nowit is bent and leaves in a different direction.

Figure 12-16. Basic prism terminology.

this case the angle that the light strikes the surface is equal to the angle of tilt of the
second surface. Because the ray of light is going from a denser to a rarer medium, it
will be bent away from the normal to the surface byan amount greater than its
angle of incidence. This will cause the light to be bent downward toward the base of
the prism. The amount of this deviation is predictable using Snell& law. Light is always
bent toward the base of a prism.

The tip of a prism is called the apex. The wider, bottom part of a prism is called
the base (Figure 12-16).

More information on how prism works will be foundin Chapters 15 and 16.

HOW CURVED LENSES REFRACT LIGHT

Refraction of Multiple Light Rays

Up to this point, we have seen how light acts when it is viewed as a single ray
and strikes a pat surface. However, light does not come as a single ray, but many.
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And lenses have curved surfaces instead of pat surfaces. With a curved
refracting surface, multiple rays will all be eitherdirected toward or away from a
spe c¢ i ppint in space.

Light rays emanate from a light source or object in anever-increasing circle similar
to the way a ripple goes out from the place where a stone is thrown into water.
As these rays go out from their source, they are said to be diverging. The outer
border of this ever-growing circle of light is called the wave front. The farther
from the object source this wave front is, the less that light rays passing through
an aperture or A & | ef @ certain size will be diverging. In essence they become
more parallel, as seen in Figure 12-17. After traveling far enough away from the
object, these light rays no longer appear to be diverging. At an inynite distance
from the object, they become parallel.

Focusing Light

Suppose it becomes desirable to divert parallel rays coming from an object at
inynity to bring them to focus at one image point. If it were only a question of
two parallel rays, the problem could be solved easily using principles explained
earlier in the chapter. Since a prismdeviates light at a known angle, if two prisms
were placed base to base so as to interrupt these two rays, the rays could be
caused to meet at a speciyed point, known as the focal point (Figure 12-18). Rays
traveling toward one s p e cpoigit are said to be converging. In our example, the
position of the focal point can be arbitrarily changed by merely increasing or
decreasing the power of the two prisms.

If there were four parallel rays to be focused, however, the two-prism concept
would no longer be feasible (Figure 12-19). Stronger prisms would be required
to deviate the two outer rays enough to bring them to the same focal point. It
would be possible to stretch this system by cutting off the tops of the original
prisms and replacing the tops with prisms of stronger power (Figure 12-20). It
quickly becomes obvious, however, that the

/\ Focal plane
\/ 7 B
Figure 12-18. If only two
parallel rays of light have to
be brought to a single point of
Focal
= length — —e}

k
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focus, the job would be fairly
simple. Just use two prisms
placed base to base.

A
/ Oops!
v

Figure 12-19. A two-prism system cannot be expected to bring light to a single point
of focus if there are more than two rays of light.

q

Figure 12-20. If just prisms were used to bring light to a focus, a different prism
would be necessary for each incoming parallel ray to form a single point focus.

more parallel rays there are, the more new prisms will be required.

Fortunately the problem may be solved by creating a curved surface to replace the
theoretical series of stacked prisms. The curve of the surface is in the form of an arc
of a circle (Figure 12-21).

The shorter the radius of curvature, the more light is bent when striking the surface
and consequently thecloser to the lens the focal point will be.

FOCAL POINTS AND DISTANCES

For a source at inynity, the speciyc point at which an image will be focused is known
as the second principal focus (FD) of the lens. The distance from the lens to the
second principal focus is known as the second (or second- ary) focal length of the lens
(fD) (Figure 12-22).

The fi rst principal focus (F) of a lens is that point at which an object may be placed
so that the lens will forman image of that object at inynity. In other words, the

Figure 12-21. The point where parallel light entering a lens is brought to focus
is known as the second principal focus of the lens. The distance from the center
of the lens to this prin- cipal focus is the second focal length. In this ygure,
parallel light rays coming from an object at i mify converge to form a real
image of the object. The lens is drawn with the front surface pat so that it is
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easier to see how the curved back surface has a changing angle. If a ray of
light strikes the lens at the exact center, the curved back surface is actually pat,
and the light ray passes through without being bent. The farther toward the
outside edge of the lens, the more the back surface will be angled. The more
the back surface is angled, the more the incoming ray of light will be bent.

Second principal
focus

Figure 12-22. When parallel light enters the front surface of a lens, light is
brought to a focus at what is called the second principal focus of the lens.

object is placed so that light rays leaving the lens are now parallel. The distance
from the lens to the yrst principal focus is the first (or primary) focal length of the
lens (Figure 12-23.

For spectacle lenses the more important focal point is the second principle
focus.

QUANTIFYING LENSES

Sign Convention

Up to this point, when prisms or lenses have been shown, the yrst surface has

usually been a pat surface and perpendicular to the light. (In optics a pat surface

is called a plano surface.) All light entering the prism or lens has been parallel

light. If the yrst surface is pat and perpendicular to the entering light, then light

passes through the yrst surface undeviated (without being bent). It is not bent until

it reaches the tilted or curved second surface. There has therefore been only

one factor to consider: the second surface.

To have a common groundwork for understanding the action of a lens on other than

parallel light and lenses with both surfaces curved, it is necessary to adhere to

accepted conventions.

These sign conventions serve to prevent confusion and errors in describing the optics

of lenses. Some of these conventions include the following:

1. Light is traditionally represented in optical drawingsas traveling from left to right.

2. Any measurements are made with the lens at the center of the system. It is as if
the lens is at the zero point of a number line. All distances to the right of the lens
are expressed as positive and all distances tothe left as negative (Figure 12-24).
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3. When measurements must be made anywhere otherthan left or right of the lens,
all positions above a horizontal line passing through the lens center are
considered positive; all positions below a horizontalline passing through the lens
center are negative.

4. Lenses that cause parallel rays of light to converge are designated as having
plus power, whereas those causing parallel rays of light to diverge are
identiyed as being minus.

Surface Curvature

To enable the steepness of curvature of a surface to be quantiyed, a unit of
measure based on the radius ofcurvature (abbreviated r) has beep.chesen jgure
12-25). So a surface can be quantiyed by its radiug 6t curvature. But the
reciprocal of the radius of curvature in meters

First principal
focus

Figure 12-23. When an object is placed at the yrs
rays will leave the lens parallel to one another.

Rrincipal focus of a lens, light

Figure 12-25. A spherically curved surface may be quantiyedby the radius of
curvature of that spherical surface.

Figure 12-24. Sign convention for lens optics.
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Figure 12-26. A convex surface.
Figure 12-27. A concave surface.

is the measure commonly used and is referred to as Curvature. Curvature is
expressed in units of reciprocal meters (m't) and is abbreviated R.

RD 1
r
If a lens has a surface that would complete a circle havinga radius of D5 cm, what
is its Curvature?

The radius of curvature is plus. This means that the centerof the circle with this
radius falls to the right of the lens surface. To ynd Curvature, the radius of curvature
must  ybe eohverted to meters:

D5cm D DO0.05 m.
Then we take the reciprocal of the radius in meters to yndCurvature (R).

RD —— D D20 mP!

D0.05

Convex and Concave Surfaces
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Suppose the front surface of a lens has a radius of curvature of 20 cm. If the center
of the radius of curvatureis to the right of the front lens surface, then the surfaceis
a convex surface (Figure 12-26).

If the radius of curvature of the front surface of a lensis centered to the left of the lens
surface, the front surfaceis a concave surface (Figure 12-27). For a lens in air, convex
surfaces are positive (plus) in power, and concave surfaces are negative (minus).

Units of Lens Power

The total power of a lens or lens surface to bend light is referred to as its focal power.
Units of focal power are expressed as diopters (D) and are related to the focal length
of the lens or lens surface. The focal length is symbolized by f or f D, for primary or
secondary focal length, whereas the focal power (in diopters) of the lens

is symbolized by F. Because ophthalmic lenses are generally referenced by their
second focal length and are wornin air, the relationship between focal length
and focal power is expressed by the formula:

Fp! -

fD

The focal length ( f D) must be in meters when calculating lens power.

Fpl

fD

Positive Lenses and Real Images

Up to this point, the type of lens spoken of has been the type that causes parallel
light rays to converge, or come together. This type of lens is referred to as a
positive ora plus lens.

Light from an object brought to a focus by a lens will form an image of that object.
In the case of converging rays, this image can be intercepted, forming an
image on a screen, just like a camera forms an image on the ylm in the back of
the camera. This type of image is known as a real image.
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Figure 12-28. A minus lens causes parallel incoming light to diverge. The point from
which light appears to diverge is called the second principal focus. The image formed
by the backward projection of these diverging rays is a virtual image.

Negative Lenses and Virtual Images

According to sign convention, a lens whose focal pointis to the left of the lens will
have a negative focal power. When parallel rays enter a lens that has a negative
focal length (and therefore also a negative power) rays leaving the lens diverge or spread
away from one another instead of converge toward one another.

Whereas a positive lens was described as analogous to prisms placed base to base, a
negative lens can he com- pared with the action of two prisms placed apex to apex.
The focal point of a negative lens is found by extending the diverging rays backward
to a point from which they appear to originate (Figure 12-28). This is called the
second principal focus of the lens.

However, if rays of light leave the lens parallel, they must have been converging
when entering the lens. The point toward which they are converging is called the first
principal focus of the lens (Figure 12-29).

When rays diverge on leaving a lens as shown in Figure 12-28, the image of the
object cannot be focused on a screen. This is because the image is formed by a
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backward projection of the diverging rays to their apparent point of origin. Even though
they do not originate from that point, they appear as if they do. This type of image is
referred to as a virtual image.

Figure 12-29. For light to leave the second surface of a lens as parallel rays,
entering light rays must be converging toward th e vy r iscipal focpsrof the
lens.

Next the focal power is found by taking the reciprocal of the focal length.

FD?! -

fD

p 1
D0.40
D D2.50diopters

The lens is found to have a power of 1 2.50 D.
Surface Power and the Lensmaker® Formula

When a lens is thin, that lens derives its total power fromthe combined powers
of its front and back surfaces.

The amount light is bent by a lens surface depends on
the radius of curvature of that surface and on the refractive index of the lens
material. The formula taking these two factors into consideration when light is
passing intothe yrst surface of a lens is:

ED nDDn

1

where F1 D the surface power of the yrst surface expressedin diopters,

nD D the refractive index of the lens (i.e., themedium into which the light
is entering),

n D the refractive index of air (the medium thelight is leaving), and

r D the radius of curvature of this yrst lenssurface in meters.

This formula is often referred to as the Lensmaker& formula.

It can be seen from this formula that just because twolens surfaces have the
same radius of curvature it does not necessarily mean that they will have the
same ability
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to refract (or bend) light. The index of refraction of the material also has an effect.
Therefore two surface powers will not be the same if the index of refraction of the two
materials is different. Consider, for example, a CR-39 plastic lens of index 1.498 and
a higher index plastic lens of index 1.66. Both have a front curve with a radius of
curvature of D8.66 cm. Using the Lensmake r €osnula, we ynd the lens surface
power of the CR-39 lens to be:

no longer come to a focus at the secondary focal pointof the lens, but at some
other point. That point may be determined by using both:

1. A quantitative value for the vergence of light entering the lens and

2. The power of the lens.

THE ACTION OF A LEN N OTHER THAN PARALLEL LIGHT

The Concept of Vergence

Up to this point, only parallel light that is entering the lens from straight ahead has
been considered. Such lightis brought to a focus at the focal point of the lens. If light
entering the lens is not parallel, light leaving the lens will

1pLpD

There is a relationship between the entering vergence of light and the exiting
vergence of light. It is as follows: The vergence of the light entering the lens
added to the dioptric value of the lens is found to equal the vergence of the light
leaving the lens. This can be expressed inthe form of an equation:

LDFDLD

This equation is commonly expressed in transposed form as F D LD D L,
called the Fundamental Paraxial Equation. For single refractive surfaces it is
written in the more basic form:

FpiRpn

ID |

where nD is the refractive index of the second media into which light is entering
and n is the refractive index
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In air, 1/ = L, and 1/I¢ = L¢.
Figure 12-30. Diverging or converging light may be
quant i dyusing vergence. Object andimage points
that correspond (as shown here) are referred to as
conjugate foci.

This fundamental paraxial equation is a paraxial equa- tion because it remains valid for
those rays in the par- axial or central region of the refracting surface. (Rays that are
a great distance away from the center of the lensare affected by lens aberrations.
They no longer fall exactly at the focal point.)

SPHERES, CYLINDERS, AND SPHEROCYLINDERS

Spheres

All lenses considered thus far have a single point where light is brought to a
focus. This is true even if that point must be found by extending diverging rays
backward as in the case of minus lenses. When a lens has a single point focus,
it is referred to as a spherical lens.

The surface curvature of a spherical lens duplicates the surface curvature of a
sphere, or ball. A plus spherical surface can be compared with a slice off the side
of a glass ball, whereas a minus spherical surface would form an exact mold for a
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ball of equal radius of curvature (Figure 12-32).
12.00DD (110.00D) D LD

SO

LD D112.00D

The vergence of light leaving the lens

has a dioptric valueof 1 12.00 D. Knowing this we can ynd the image point.
Knowing that

Figure 12-32. A plus spherical surface has a shape as if cut from the side of a
sphere, whereas a minus spherical surface is shaped as though molded from a
sphere.
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Figure 12-33. A spherical
surface has the same radius of
cur-vature in every meridian.

Spheres Correct for Nearsightednessand Farsightedness

The sphere is the most basic type of ophthalmic lens used and is used to correct both
nearsightedness and farsightedness.

Plus spheres are used for the correction of hyperopia, or farsightedness. This occurs
when light focuses behindthe retina of the eye. A plus lens adds more convergence
to incoming light and draws the focus point up onto the retina.

Minus spheres correct for myopia, or nearsightedness. Myopia occurs when light
focuses in front of the retina. A minus lens causes the light to diverge (or converge less)
before entering the eye and allows the focal point to drop back onto the retina.

The Problem of Astigmatism

If a refracting surface of the eye is not spherical, the eye cannot bring light to a single
point focus on the retina. For example, the front surface of the eye (the cornea)
should have a front surface that is spherical, like a spheri- cal ball, such as a basketball
(Figure 12-33). But instead it may be shaped more like the surface of a football.
There are now two different curves to consider: one being from tip to tip of the football
and the other running around the central part at right angles to the yrst curve (Figure
12-34). Each of these two curves has its own radius of curvature. When this
happens, a single point focus is no longer possible.

When an eye has two different curves on a single refracting surface, the condition
is known as astigma-

Figure 12-34. A toric surface has different radii of curvature in each of two major
meridians.

tism. A situation can occur that may require a correctionin only one of those
two refracting meridians.

Cylinder Lenses

A lens that only has power in one meridian can be visual-ized as one that is cut
from the side of a clear glass cyl- inder (Figure 12-35). A commonly occurring
example of something cylindrical in shape is a pillar used to supportthe porch of
a house. A rod is also cylindrical in shape. The lens that optically behaves as if
it were cut from the side of a glass cylinder takes on the name of the structure from
which it is cut. It is therefore known as a cylinder.
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Because a cylinder lens can be turned from an up- and-down to a sideways
position (or to any orientation between the two), a method for specifying its exact
ori- entation must be chosen. That method is to specify the axis direction. The
axis of a cylinder can be thought ofas being equivalent to the string threaded
through the center of a cylindrical bead (Figure 12-36). As this i s tg rdg titted,
the angle of tilt is speciyed by degrees. Horizontal is considered zero. The angle
in degrees the fi sirtgo or cylinder axis makes with this horizontal line speci y e s
orientation (Figure 12-37). When the cylinder axis is horizontal, instead of writing
0 degrees, it is con- ventional to write 180 degrees. Zero and 180 are both on
the same horizontal line and, for cylinder axes, are the same. Only degrees 0
through 180 are necessary for complete speci y @m bdcause, as in the
example of Figure 12-37, 210 degrees is the same as 30 degrees.

Axis of 7

cylinder /
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Figure 12-35. A lens shaped as though cut from the side of aclear glass cylindéer
is referred to as a cylinder lens.

Figure 12-36. The axis of a cylinder is the reference for deter- mining its orientation.
The axis of a cylinder parallels an imaginary string running through the center
of a cylindrical bead.
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Figure 12-37. The orientation of a cylinder is
speciyed in degrees from 0 degrees through 180
degrees. Specifying beyond 180 degrees is
unnecessary because it duplicates 0 degrees
through 180. (Zero degrees and 180 degrees are
really the same axis. By convention 180 is used
instead of 0.) In this ygure, the axis of the cylinder
shown is oriented at 30 degrees.
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Figure 12-38. When looking at the person wearing spectacle lenses, the cylinder
axis degree scale goes counterclockwise, from right to left. This is the same for both
right and left eyes.

If a person is wearing a cylinder lens in a pair of glasses, the scale is always
counterclockwise, or right to left, as shown in Figure 12-38. It is as if the wearerd
eyewas directly behind the scale, looking through it. This is true for both right and
left lenses.

Optics of a Cylinder Lens

As previously stated, a cylinder can be used to compen- sate for the eye that does
not bring light to a point focus. This can happen if the shape of the cornea in the 90-
degree meridian is more curved than it is in the 180- degree meridian. A cylinder
lens is suited for correcting this difference because light that strikes the lens along
the axis of the lens will pass through that lens undeviated (Figure 12-39).

The meridian of the lens paralleling the cylinder axis is called the axis meridian.
Along the cylinder axis, both the front and back surfaces of the cylinder are pat.
Sothe cylinder lens has no light refracting power along theaxis of the cylinder.

Light striking the cylinder at any other point on the lens will be bent in
accordance with the power the curved meridian of the cylinder has (Figure 12-
40).

The meridian of the cylinder lens at right angles toits axis has one pat surface
and one curved surface. This means the lens has power in this meridian. This merid-
ian is called the power meridian of the cylinder. The axis of a cylinder is always at
right angles to the power meridian of the cylinder (Figure 12-41).

Writing Cylinder Power

As with spherical lenses, the power of a cylinder is also speciyed in dioptric units.
Remember that the full power of the cylinder is only in the meridian opposite the axis
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Figure 12-39. Light striking a cylinder along the cylinder axis is not bent. For a
plano cylinder, such as the one shown, both surfaces are pat along the axis.

Figure 12-40. Light striking a cylinder at any other location than on the axis will
be focused along a line parallel to the cylinder axis and at a constant distance
from the lens.

of the cylinder. As a result, when quantifying a cylinder lens, not only must a
dioptric power be speciyed, but also the orientation of the lens axis. For instance,
a cylinder may have D3.00 D of power in the horizontal meridian and zero power
in the vertical meridian. The spec i y anavbuld therefore be D3.00 D cylinder
power with axis at 90 degrees. This may be abbreviated D3.00 x 90, with the x
being short for fi @ s Betause any lens with an axis orientation must be a
cylinder, it is unnecessary towritei c y | ionlley lo. 0

Minus Cylinder Lenses

Cylinder lenses previously described and used in examples have all been plus
in power. It is also possible to have a cylinder lens that is minus in power. As
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with a minus sphere, a minus cylinder lens has an oppositely curved, or
concave, refracting surface. The surface issuch that it would cradle a cylindrical
rod of equal radius(Figure 12-44). It is as if it were molded from a cylindrical rod.

As with the plus cylinder lens, the axis of a minus cylinder parallels the area
of equal lens thickness. On a plus cylinder, this is along the line of maximum
lens thickness; with the minus cylinder, the axis runs along the line of minimum
lens thickness. To continue the analogy, a minus cylinder axis can be thought
of as the imaginary string through the center of a cylindrical rod or bead against
which a minus cylinder lens could rest. This meridian on the lens where the
axis is found isreferred to as the axis meridian.

There is also no power found in the axis meridian of a minus cylinder;
maximum power is found 90 degrees away from it. The meridian of maximum
power in aminus cylinder is still referred to as the power meridian (Figure 12-
45).




B

Figure 12-42. A spherocylinder combination can be
thought of as just thatd a sphere lens and a cylinder
lens placed together (A). This combined power
combination may be con- structed as a single lens
with two curves on one surface (B).

LENS FORM

Lenses can be made in a variety of forms, with many forms possible for a lens of the
same power. One lens form may be steeply curved, whereas another of identical power
may appear quite pat. It is also possible to manufacture a lens of a speciyed power
with a cylinder com- ponent on either the front or back surface.

Lens Forms a Sphere May Take

The nominal power of a lens is the sum of its front and back surface powers. When
expressed as an equation, this is F1 D F2 D FrotaL. Up to this point, most lenses
have been shown with one pat surface of no power and one curved surface. The
curved surface makes the lens either plus or minus in power. The pat surface is referred
to as plano, or without power.

If one surface is plano and the other an outward- curved plus surface (i.e., a
convex surface), the lens is referred to as planoconvex. If one surface is plano and
the other curved inward for minus power (i.e., a concave surface), the lens is
planoconcave (Figure 12-46). If both surfaces are convex or both concave, the lens is
biconvex or biconcave (Figure 12-47). This form does not specify that both surfaces
necessarily be equal in power. If this were the case, the lens could be further
classiyed as equiconvex or equiconcave (Figure 12-48). For example, a biconvex lens
of D4.00 D of power could have surface powers, such as the following:

F1DF2D Fr
(D2.00 D) D (D2.00 D) D D4.00 D (D3.00 D) D (D1.00 D) D
D4.00 D (D0.50 D) D (D3.50 D) D D4.00 D

It is also possible to have a lens with one side convex(plus) and the other
concave (minus). This is the most
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Figure 12-43. This lens is the same spherocylinder
lens combination as was shown in Figure 12-42. A,
Rays previously unbent in the 90-degree cylinder
axis meridian are now broughtto a focus because
of the addition of a plus sphere component. B, Rays
in the 180-degree power meridian of the cylinder that
were previously brought to a line focus by the
cylinder are now refracted more by the additional
plus sphere power. C, The net effect of both sphere
and cylinder components results in two line foci.
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common ophthalmic lens and is referred to as a meniscus* lens (Figure 12-49). The
same D4.00 D lens power mightthen have any one of the following forms, which
repre- sent only a fraction of the possibilities.

F1DF2D Fy
(D7.00D) D (13.00D) D D4.00 D (D8.00 D) D (1 4.00 D) D D4.00
D (D10.00D) D ( T & DYD D4.00D

* QOriginally a meniscus lens was one that had a 6.00 D surface curve either on the
front (D6.00 D) or on the back (D6.00 D). Nowit has come to mean a lens with a
convex front surface and a concave minus surface.

Lens Forms a Cylinder May Take

Even a pure cylinder may take several forms. These forms are limited only in
that one meridian must havea net power of zero and the other a net power
equalto the cylinder value. To keep the two meridiansof a cylinder separate,
it is helpful to use the concept of a power cross. A power cross is a schematic
representation of the two major meridians of a lens or lens surface. For a pure
cylinder, these two meridians, at right angles to each other, are the axis meridian
and the power meridian. A D4.00 D x 90 cylinderis schematically represented
on a power cross in Figure 12-50.
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Figure 12-44. A minus cylinder lens can be thought of as if molded from a
cylindrical rod.
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Figure 12-45. Power and axis meridians shown for a minuscylinder.
Figure 12-46. Two planoconvex lenses are shown on the left,two planoconcave

TN

Figure 12-47. Two biconvex lenses are shown on the left, twobiconcave on the
right.

Figure 12-48. Equiconvex and equiconcave lenses must have the same
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curvature on both front and back surfaces.

Figure 12-49. A meniscus lens
has a plus (convex) surface on
the front and a concave
(minus) surface on the back.

Front

Figure 12-
51. For this
lens, the
front

surface is
the toric

surface with
two different
lens

powers. The

F1

46

Plano

—

-
7

L—--

(0.00 D)

- -

~

———l

+4.00D

- - - wh e e en - - -

I
l
|
|
|
!
I
!
|
|
i
i
A

Figure 12-50. This is a power
cross for a D4.00 x 090
cylinder lens. The outlined
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back
surface is
spherical,
so both 90-
degree and
180-degree
back
surface
meridians
have the
same
power. The
total power
of the lens
can be
found by
adding
correspondi
ng surface
meridians
togetherd
90 with 90
and 180
with

180.

In the A agimal,0or most easily visualized form, this lens has two front curves. One
is a plano surface fturve of zero power in the 90-degree meridian, the other a
D4.00 D powered curve in the 180-degree meridian. The back surface is pat, or
plano, in both meridians. In t
his lens form, since the back surface has zero power, the front surface creates the
total power of the lens.

Suppose, however, that the back surface of the lens hasa power of 1 2.00 D in both
meridians. It is still possible to construct a cylinder lens with the same total power.

For example, suppose the front surface powers are asfollows:

of three power crossesd one for the front surface, one for the back surface, and
a third power cross for the totallens power. Both 90-degree surface meridians
are addedtogether to obtain the total lens power in the 90-degree meridian, and
both 180-degree meridians are added together to obtain the total lens power in
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the 180-degree meridian.
When a lens has two separate curves on a surface, neither being plano but both
having power, the surface is said to be toric.

F1at 90 D D2.00D
F1 at 180 D D6.00 D

With the back surface power of F2 D 12.00 D, the totallens power is still D4.00 x
90. Figure 12-51 shows a series
Figure 12-52. Steps in solving lens form power
problems consist of: A, drawing the appropriate
series of crosses; B, writing all known lens powers
on the crosses; and C, solving for the remaining
unknown factors.

Plus and Minus Cylinder Form Lenses

When the lens obtains its cylinder power from a difference in power between two
front surface meridians (i.e.,a toric front surface lens), the lens is said to be ground
in plus cylinder form. If, on the other hand, a lens has a cylinder component, but the
cylinder power is a resultof a difference in power between two back surface merid-
ians (i.e., a toric rear surface lens), it is a minus cylinder form lens. In other words,
the plus cylinder form lens hastwo curves on the front and one spherical curve on
the back, whereas a minus cylinder form lens has one spherical curve on the front and
two curves, making up the cylinder component, on the back.

Lens Forms a Spherocylinder May Take

Minus Cylinder Form
As seen earlier, either a sphere or a cylinder lens may be constructed in several
different forms, all having the

Front

+6.00 D

Back Total
8.00 D 2.00D

Plano

+6.00 D | 16.00 D

48



F1 F2 FT

Figure 12-53. The lens represented on this power
cross series is minus cylinder in form since the toric
surface is on the back of the lens.

Front Back Total
+ 3.00 D
Plano
+ 3.00 D
+3.00 D + 02.00D — +1.00D
F1 F2 FT

Figure 12-54. Front and back curves and total lens power for a spherocylinder
lens.

same total power (Fr). In the same way it is also possible to construct a
spherocylinder lens in several different forms, all having the same total
spherocylinder power.

Toric Transposition

It has been shown that it is possible to have a spherocylindrical lens of the same
power expressed in at least two different lens forms and written in two different ways,
either the plus or the minus cylinder form of prescription writing. Most logically one
would assume that the plus cylinder form of prescription writing would be used
exclusively for lenses with a toric front surface and the minus cylinder form of
prescription writing for lenses with the toric surface on the back. This, however, is
not the case. Instead of indicating the location of the toric surface for the prescribed
lens, the written form usually only indicates the type of lenses used during the exami-
nation process. In the past, optometrists wrote prescriptions in minus cylinder form,
and ophthalmologists wrote prescriptions in plus cylinder form. This is nolonger
universally true. However, prescriptions of both forms are commonly seen.
However, there is a high consistency in how spectacle lenses are made. Almost
every lens used for prescriptioneyewear in the United States has the toric surface
on theback and is thus a minus cylinder form lens.

Because lens prescriptions may be written in either plus or minus cylinder form, it is
necessary to be able to convert or transpose from one form to another. Thisprocess
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is known as toric transposition.
Steps for transposing from one form to the other are as follows:
1. Add the sphere and cylinder values to obtain the new sphere value.
2. Change the sign of the cylinder (plus to minus orminus to plus).
3. Change the axis by 90 degrees. (This can be done by addition or subtraction
since the end result is the same. The answer for the axis, however, must be from
1 to 180 degrees. An answer of 190 degrees, for example, is not acceptable.)

The Spherical Equivalent

A spherocylinder lens will correct for astigmatism and myopia or hyperopia. If it
was necessary to correct a nearsighted or farsighted person who also has
astigma- tism, but there were no cylinder lenses available, what would be the
best correction using only a sphere lens? We know how a sphero- cylinder lens
has two focal lines. If only a sphere lens is to be used, the best lens will be one
that has a focal pointat a dioptric value that is halfway* between these two focal
lines. (The location that is halfway between the two dioptric values of the
spherocylinder lens is called the circle of least confusion. The rays of light do
not come to a point focus, but instead form a circle at this location.) That
compromise sphere lens is called the spherical equivalent.

*The halfway location is not at the physical halfway point betweenthe two focal
lines. Instead it will be at a point that is based on the dioptric value halfway in
between. For example, a lens with a power of D1.00 D2.00 x 180 has two focal
linesd one for the D1.00 D power meridian, the other for the D3.00 D power
meridian. These lines are at 100 cm and 33.3 cm from the lens. The physical
halfway point would be 66.7 cm from the lens. However, the location of the circle of
least confusion is determined by the spherical equivalent of the lens. The
spherical equivalent is D2.00 D. The focal point of D2.00 is at 50 cm, not 66.7
cm. Therefore the circleof least confusion is at 50 cm.
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Sample Questions:

1. What is the spherical equivalent for this lens?

D3.00 1T 1.00 x 180

Solution
Using the formula for the spherical equivalent we have:

D __

2. What is the spherical equivalent for a lens having a powerof 14.25 1 1.25 x
135?

Solution

Again using the formula we ynd the spherical equivalentas:

Spherical Equivalent D DD4.25D D —
Spherical Equivalent D DD3.00D D

1.00

2
D DD4.25D D DD0.625D
D DD3.00D D DD0.50D
D D2.50 D

3. Suppose a ray of light is traveling from air of refractive index 1 to glass of index
1.523. If the ray strikes the glass at an angle of 30 degrees, what will be the angle
of refraction?

Solution
We know that:

n D 1 (refractive index of air)
nD D 1.523 (refractive index of glass)i D 30 degrees (angle of
incidence).
But we do not know the angle of refraction.

iD D ? (angle of refraction)
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Ifn sini D nD siniD,
then for our example
(1) (sin 30) D (1.523) (siniD).

Since sin iD is the unknown, the above formula can be rear- ranged algebraically as
follows:

D1DDsin30D [ peinippl-523

Using a calculator capable of generating trigopnometric functions, it is found that:

sin 30 D 0.5.

The angle of deviation is the angular changein light direction from its original
path.

Therefore

siniD p 21DD0.5D
1.523
D 0.3283

Again using a calculator it is determined that 0.3283 is the sine of 19.2
degrees. (This is done by ynding the inverse sin[sin®!] of 0.3283.) Thus the
resulting angle of refraction is 19.2 degrees.

Angle of Deviation
The angle of refraction is the angle of the refracted ray with reference to a line
perpendicular to (normal to) the refracting surface. It does not directly tell how
much theray has deviated from its original path. This amount of that the light
has deviated from its original path is calledthe angle of deviation (d) (Figure 12-
11).

It can be seen from the geometry of the ygure thatfor light leaving a rare
and entering a dense medium,i D d D iD. Therefore the angle of deviation is
dDiTt iD.

4. Describe the procedure to calculate spherical equivalent?

How to Find the Spherical Equivalent
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To ynd the spherical equivalent of a spherocylinderlens:
1. Take half the value of the cylinder and
2. Add it to the sphere power.

In other words, as a formula the spherical equivalent
is

Sphere D Cylinder D Spherical Equivalent
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Len rvature and Thickn :

Learning Objective:
A major factor in how a lens will perform depends upon how the lens is shaped. Shape
is defined by how the lens is curved, starting with the base curve.
Participants will learn:
1. How lenses are shaped, and how that shape, or curvature, is measured.
2. How Lens curvature and lens thickness are related.
3. How a lens with a given prescription will look in a frame, an understanding of
lens thickness is needed. The latter part of the chapter explains how lens
thickness can be predicted from lens power.

ATEGORIE F OPHTHALMIC LENSE

Ophthalmic lenses may be divided into the followingthree broad categories:
. Single vision lenses

. Segmented multifocal lenses

- Progressive addition lenses

Single Vision Lenses

Single vision lenses are the most basic type of lens. Theselenses have the same
power over the entire surface of the lens. Single vision lenses are used when the same
optical power is needed for both distance and near vision. Theyare also used when
a person requires no prescription fordistance, but needs reading glasses. Whenever
possible single vision lenses are edged from lenses kept in stock at the laboratory.
Because these lenses are ynished optically to the correct power on both the front
and back surfaces, they are called finished lenses. Finished lenses are also referred to
as uncuts because they have not yet beenftutdto the correct shape and size (Figure
13-1, A). When single vision lenses are in uncut form and do not require that a
surface power be ground onto the lens, they are called stock single vision lenses.
A stock single vision uncut lens is less expensive thana custom surfaced lens.
However, if the stock lens is too small for the frame, then a stock single vision lens
will not work. Instead the lens must be produced in the sur- facing section of the
optical laboratory. The surfacing laboratory puts surface power on the lens. They
start with a lens having only one surface that is ready to use, or fi yshdé d This is
usually the front surface. The laboratory must grind and polish the second surface
to the required power. A lens with only one of the two surfaces ynished is called a
semifi nished lens because it is only half ynished. The preyx semi- means half (Figure
13-1, B).
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Finished uncut and semi yshed lenses have not been edged. Before a lens
has been edged, it is called a lens blank.

Segmented Multifocal Lenses

Segmented multifocal lenses have more than one power. Each power is located in

a distinct area of the lens bordered clearly by a visible demarcation line. When

two different areas exist, the lens is called a bifocal (Figure 13-2, A). When three

areas exist, the lens is called a trifocal * (Figure 13-2, B).

Multifocal lenses may be created in one of several ways. Here are the two ways

most often used:

1. Multifocals may be individually ground and polished to power by a surfacing
laboratory from asemi nished lens blank.

2. Multifocals may be individually cast molded to the prescribed power. Cast
molding creates the lens from a liquid resin material. It is the same process
used to make both plastic semi njished lenses and stock single vision plastic
lenses. Cast molding multifocal lenses to power skips the semiynished lens
stage. Cast molding to power may be done by alarger wholesale facility or,
if equipment is available, on a small scale in conjunction with a ynishing
laboratory.

Progressive Addition Lenses
Progressive addition lenses are used as an alternative toa segmented multifocal
lens. They have distance power in the upper half of the lens. Lens power
gradually increases as the wearer looks down and inward to view near objects.
With exception of some high-end product, progressive addition lenses are
prepared for the ynishing laboratory in the same way as segmented multifocal
lenses.
There are a few exceptions. For example, a lens with a near section at the bottom and a
second near section at the top will have three sections, but is a double segment
occupational lens and not a trifocal.

Finished surfaces

Finished surface

Not yetfinished
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Finished lens (an funcutd )

g

Semifinished blank

A B

Figure 13-2. When a lens has a different power for near vision than distance vision,
the lens area is divided between distance and near powers. A, A segment area
for near vision is placed within the distance power lens. A lens with two different
powers is a bifocal lens. B, Two segment areas are included: one for
intermediate viewing and one for near viewing. This type of lens is a trifocal
lens. Both lenses are pat-top-style multifocals.
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Figure 13-1. A, A ynished lens is also referred to as an uncut. Most single vision
lenses are premanufactured to power as ynished lenses and are also referred to as
stock single vision lenses. B, Most any type of lens of any material may be made
beginning with a semi nished lens.

Figure 13-3. The base curve of a plus cylinder form single vision lens is the weaker

curve on the front surface. -500D <
Sphere
curve
Cross curve < -500D «
+8.00 D
F1 F2
BASE RVE

Single Vision Lens Curves

In constructing an ophthalmic lens, one of the lens curves of one surface becomes
the basis from which the others are determined. This beginning curve, on which the
lens power is based, is called the base curve. In single vision prescription ophthalmic
lenses, the base curve is always found on the front surface.

. For spherical lenses: In the case of spherical lenses,the front sphere curve is
the base curve.

- For plus cylinder form spherocylinder lenses: If thelens isin plus cylinder
form, there are two curves onthe front. The base curve is the weaker, or patter,
of the two curves. The other curve becomes the cross curve (Figure 13-3). The
back surface is quite naturally referred to as the sphere curve since it is spherical.

- For minus cylinder form spherocylinder lenses: If the lens is in  minus
cylinder form, the front spherical curve is the base curve. The weaker back-
surface curve is known as the toric base curve; the stronger back-surface curve
is known as the cross curve (Figure 13-4). Optical laboratories refer to the toric
base curve of a minus cylinder form lens as the back base curve. (On a plus
cylinder form lens the fi bsa curve @nd ftoric base curv e @re the same
curve.)

Multifocal Lens Base Curves

The base curve of a segmented multifocal lens is always on the same side of the
lens as the segment. If the bifocalor trifocal segment is on the front, so is the base
curve. If on the back, the base curve will be on the back as well, contrary to single
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vision lenses. Because a toric surface will not be ground on the same side as the
multifocal seg, the base curve is always a sphere curve.

MEASUREMENT OF LENS CURVATURE

When ordering a replacement lens or supplying the wearer with a duplicate second
pair of glasses some time after the initial order, one factor in wearer acceptance of
the new glasses is consistent duplication of base curves. A change in base curve
will change the way peripherally viewed objects are perceived, even though lens
power may be identical. To measure a preexisting lens curve for accurate duplication or
veriycation, a lens measure (some- times referred to as a lens clock), is used (Figure
13-7).

The Lens Measure

The lens measure operates on the principle of the sagittal depth (sag) formula. The
sagittal depth, or fsa g js éhe height or depth of a given segment of a circle (Figure
13-8). If both the sag of a lens surface and the index of refraction of the lens material
are known, the surface power may be calculated.

The lens measure has three flegs , 00 points of contactwith the lens surface. The
outer two are stationary, and the center contact point moves in and out. The vertical
difference between the positions of the two outer contact points in reference to the
position of the center contact point is the sag for the arc of a circle. This circle can
be thought of as having a chord, the length of which is the distance between the
outer contact points of the lens measure (Figure 13-9).

The lens measure does not have a scale showing a direct measure of the sag,

but rather shows dioptric value for the surface power. This power is based on an
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assumed index of refraction of 1.53. (Most tools found in a U.S. optical laboratory
are based on an assumed index of 1.53.) The power shown on the lens measure
is obtained by using the sagittal depth of the surface.

The Sagittal Depth Formula

Steps for ynding the dioptric value for a lens surface begin with a geometric
construction, as shown in Figure 13-9. We need to know r, the radius of the
circle, to ynd the front or back surface powers of a lens (F1 or F2).

From the geometry of right triangles, the triangle FGC has a relationship
between its three sides that,

Figure 13-7. A lens measure may use direct plus and minus scales as shown
here, or an outer minus scale for concave sur- faces and an inner plus scale
for convex surfaces.

D SAG. F SAG

Figure 13-
8. The
sagittal
depth or
height of the
chord of a
circle is
shown as it
applies to
lens surface
measure-
ments. The
chord of the
circle is rep-
resented by
G lines DF.

O
<
n
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Using the Lens Measure to Find the NominalPower
of a Lens

Because it is possible to measure lens surface values directly for materials at or near
an index of 1.53 using a lens measure, it is also possible to use a lens measure for
ynding the nominal or approximate power of such lenses. Examples of lenses with an
index of 1.53 would be the plastic materials Spectralite and Trivex. Crown glass has
an index of index 1.523. (Remember, the nominal power of a lens is the sum of the
front and back surface powers.Nominal lens power ignores the effect lens thickness
may have on lens power.)

For example, if a spherical lens has a measured front curve (F1) of 06.00 D and a
measured back curve (F2) of

04.00 D, then the nominal power of the lens will be

02.00 D.

Not all lenses are spherical. This makes it hecessary to check more than one lens
surface meridian for differences in power. To do this, hold the lens measure such
that the center contact point of the lens measure is at the center of the lens and is
perpendicular to the lens surface (Figure 13-10). The lens measure is rotated around
this center contact point with all three contact points againstthe lens.* If the indicator
on the lens measure dial remains stationary, the surface is spherical. The spherical
surface value is as shown on the lens measure. If the indicator shows a changing
value, the surface is toric, with two separate curves. The values of these curves are
indicated when the lens measure shows its maximum and minimum values. The
orientation of the three contact points on the lens at maximum and minimum
readings corresponds to the major meridians of lens power.

Use of the Lens Measure With Multifocals When the lens measure is used

on a segmented multifocal lens, positioning of the contact points depends on
lens construction. Multifocals may be fused or one

piece.

The fused multifocal segment uses glass of a different refractive index from
that in the rest of the lens. The junction between distance and near portions is
visible, but cannot be felt since the glass segment is fused into the lens such
that there is no change in lens surface curvature. A lens measure may therefore
be used normally on the lens surface. Its reading will indicate only the surface
power for the main lens. It does not read segment power.

A one-piece multifocal lens construction uses the same lens material for distance and
near portions. Power differences between distance and near portions are brought about
by a change in lens curvature. One-piece bifocals may be identiyed by either a ledge
or by a change in the surface curve. The change may be felt by rubbing the ynger
over the juncture. In this case to determine lens surface power for the main lens
accurately, none of the three contact points must rest on the segment portion. To
measure a one-piece bifocal, the lens measure is placed on the lens with all three
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contact points horizon- tally positioned in the center of the lens and above the
multifocal line.
Front
Back
Total

+6.50 i
6.00 +0.50

Figure 13-11. Lens clock readings may be transferred directly to power crosses for
lens power calculation. ‘ ‘

+6.50

+ ‘ ‘ ~750

F1 F2
FT

Why Measured Base Curves Do Not AlwaysCome Out As Expected

When using a lens clock to measure the base curve of a lens, the values measured
do not always come out the same as the manufactur e rstated value. A semiynished
glass lens may arrive at the optical laboratory with a base curve of 08.25 D marked on
the box. But when the front lens surface is measured, it may be slightly less than
08.25 D. Or a plastic lens could be marked as having a base curve of 010.25 D, but
measure as 010.50 D. Some assume that the lens measure is inaccurate; others
assume that variations are due to differences in the index ofrefraction of the lens and
the lens measure scale. Actually, neither assumption is correct.

The real reason for the mismatch stems from the fact that there are several different
front-surface lens curve terms used to describe the same lens surface curve. These
terms are:

1. The nominal base curve

2. The true base curve (or so-called true power)

3. The refractive power

The Nominal Base Curve

The nominal base curve was originally established as a reference number for the
convenience of the optical laboratory. When low-powered crown glass lenses had
their surfaces ground to power without the help of computerized lens surfacing
programs, the correct back curve was found by subtracting the front surface from
the needed lens power. For example, if the lens is sup- posed to have a power of
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01.25 D and the base curveof the lens is 06.50, then the back surface curve
should be:

01.2506.50005.25D

As the plus power of the lens increases, however, so does its thickness. Because
of increased thickness, simple subtraction will not work. To make it possible for
laboratory personnel to continue using the same simple calculation, lens
manufacturers changed the front curve of the lens slightly to compensate for the effect
of increasing thickness; but they left the listed base curve as the same number.
When this is done, the value of the base curveis not the real power of the surface.
Thus it is called the nominal base curve. (This is not to be confused with nominal
lens power, which is the sum of the yrst and second surface powers.)

With plastic lenses, the base curves vary from their marked values for a
different reason. Plastic lenses startout as liquid resin and are molded. When
their surfaces cure during manufacture, once removed from the mold, the ynal
curve of the surface may vary from the curve of the mold. Initially, it was dif yulc
to predict the exact ynal lens curve value. Although the ynal curve of the lens
after being removed from the mold is now predict- able, the difference between
marked surface power (the nominal base curve) of a plastic lens and measured
surface power remains.

True Base Curve (fiTrue Powero)

The so-called true base curve of a lens is the value of the front surface as
measured using a lens measure. Synonyms for true base curve are firue powe r
and factual power. Bhis lens clock used to measure surface curvature is calibrated
for an index of 1.53. Lenses at or close to this refractive index are Spectralite
and Trivex plastic at 1.53, and crown glass, having an index of 1.523. The true
base curve is the 1.53 indexed value. Many, or perhaps even most, lenses are not
at all close to an index of 1.53. Because of differences in refractive indices, it is
easy tosee thatthe it r u e 0 culveanseasured with a lens clockis unlikely to be
the refractive power of the lens surface.

o

The Refractive Power of the Lens Surface

The refractive power controls what happens to light at the surface of the lens. It will
be recalled that surface power is dependent on three factors. These are:

1. The refractive index of the lens surface

2. The refractive index of the media surroundingthe lens

3. The radius of curvature of the lens surface

As previously stated, lens clocks are calibrated for lens material having a refractive index
of 1.53. If a lens made from material of a different refractive index is used,
compensation must be made so that surface refractive power can be found using a lens
clock.
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Finding the Refractive Power of a Lens SurfaceUsing a Lens Measure

To ynd the refractive power of a lens surface using a lens clock, the i tiemp o w eeading
from the lens clock mustbe converted to refractive power. This is done with the help
of the lens make r tosnula shown above.

The front surface refractive power for the CR-39 lens is
05.64 D. Because the lens has a lower refractive index, thelens surface does
not have as much refractive power as shown by the lens clock.

Using a Conversion Factor

It is possible to reduce the process of converting from lens clock readings to

surface refractive power by using a formula-generated conversion factor. This

is done as follows:

If, for the lens measure,

When using the lens clock, we are indirectly determining the radius of curvature of
the surface in question, regardless of its refractive index.

When ordering an identically powered second pair: Base curve should also be
speciyed when ordering an identically powered second pair of glasses. This second
pair of glasses will be worn interchangeably with the yrst pair. The curve of a lens
affects how shapes and straight lines appear. Two pair of glasses made using
different base curves will cause shapes todistort differently. Some individuals are
more sensitive to this than others. To prevent the

When specifying a certain base curve, remember that semiynished lenses come
in only so many base curves. Ordering a 08.00 base curve may result in one that
is close, but not exactly 08.00. ANSI Z80.1 Prescription Standards allow a base
curve tolerance of 00.75 D. To help in getting a lens with the exact same base
curve, tryordering from the same optical laboratory that was used for the yrst pair.
The brand of lenses they use is more likely to allow an exact match.

When Not to Specify Base Curve

There are some situations where a base curve should notbe speciyed so that the
laboratory can pick the best basecurve for the prescription ordered.
Do not insist on matching the base curve of the new glasses to the
wearerG previous lenses. Prescriptions change. And as the power of the lens
changes, to prevent unwanted lens aberrations, the power of the base curve
should be expected to change too. A base curve should not be expected to
perpetually be the same for the life of the wearer.
- Do not request a fl atter base curve to get a thinner,better-looking
lens. Flattening a base curve will often make a plus lens look much better.
It will usually reduce mag n ¢aijon, decrease thickness, and even reduce the
weight a bit. However, there will be an increase in unwanted aberration in
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the periphery of the lens because of using a base curvethat is not correct for
the power of the lens.

- Do not change the base curve to solve ghost-image internal lens
refl ection problems. Before
antirepection coating, the common solution for getting rid of ghost images was to
change the base curve. Changing the base curve will shift the size and location
of those ghost images, but will not dropthem out like an antire pction coating
will. Only use a base curve change to help with ghost images if an antire pction
coating is not an option.

- Do not automatically steepen the base curve for people with long
eyelashes. Try to solve the problem of lashes touching the lens with a good frame
selection. It is true that steepening the base curve by

(03.00 D sphere) 0 (pl01.500 180 cylinder)
0 (03.0001.50 0 180)

In the same way that power crosses are used when adding front and back lens
surfaces together to ynd total lens power, so also may power crosses be used as
a help when adding two or more lenses together. To visualize how lens meridians
add together for the sphere and cylinder lenses in the above example, see Figure
13-13.

Adding Cylinders Having the Same Axis or WithAxes 90 Degrees Apart
Just as spheres and spheres and spheres and cylinders may be added, so also
may cylinders and cylinders be added. Here we will be looking at adding cylinders
whose axes are either the same, or 90 degrees away from each other.
2 D will give about 1.2 mm of extra lash
clearance.
But it will mean that optimal optics from a goodbase curve selection will be
lacking.

ADDING CYLINDERS

Lenses are able to be added together. This is done routinely during the eye
examination. Small spherically powered lenses are added to large spherically
powered lenses. For example,

(03.00 D sphere) 0 (00.25 D sphere)
0 03.25 D sphere.

Sphere lenses are added to cylinder lenses, resulting in spherocylinder lens
combinations, as with these two lenses.
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LENS THICKNESS
Sagittal Depth

The formula that is the basis for determining lens thick- ness is the sagittal depth, or
sag formula, which was introduced previously in the chapter. Sagittal depth is the
depth of the lens surface curve and is shown in Figure 13-24. Remember that a
chord is a straight line joining two points on a curve. In Figure 13-24, the two points
on the curve are at the edges of the lens, and the length of the chord equals the
diameter of the lens.

To ynd the sagittal depth, it is necessary to know the length of the chord and the
radius of curvature of the lens surface. Figure 13-25 shows the radius () as the
hypotenuse of a right triangle. (Notice that this uses the same principles as were
discussed for the lens clock previously in the chapter. Figure 13-25 is another view
of what was shown in Figure 13-9.) The other two sides arey, which is one half of the
chord (or % the lens diameter), and (r O s), which is the radius minus the sag.
Because this triangle is a right triangle, the Pythagorean theorem can be used to ynd
the sag: (When discussing the lens measure we used the Pythagorean theorem to
ynd the radius of curvature [r].) T SAG

i‘ =

- SA

Figure 13-24. A knife-edged plus lens has the same center thickness that the
edge of an inynitely thin minus lens would have when both diameters and
curvatures are the same.

Figure 13-25. The geometry of the ygure shows how the sag formula is derived
from the Pythagorean theorem. Here y2 O(r 0s)?0r?2.
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Sample questions:

1. What is the resulting sum of two cylinder lenses, both havinga power of pl 0 2.00
0 1807

Solution

To ynd the solution, make three power crosses, with the yrst two adding to equal
the third. Place the powers of the two cylinder lenses on the yrst two power
crosses. Because both lenses are identical, they will look the same on the yrst two
power crosses. The axis is 180, so there is zero power in the 180-degree axis
meridian. The power is 02.00, so 02.00 is written on the 90-degree power
meridian. This is shown in Figure 13-14.

Next the powers in the 180 are summed. Zero plus zero equals zero. Thenthe
90-degree powers are summed. (02.00) 0 (02.00) O (04.00).

+3.00 |
1.50 +1.50

Power crosses allow a sphere and cylinder to be added together to form a
spherocylinder.

+3.00 ‘ ‘ p
+ = ‘ ‘ +3.00

Sphere Cylinder
Spherocylinder

1 2.00 T
2.00 i 4.00

p! ‘ p! pl

When two plano-cylinder lenses

are placed together axis-to-axis, the resulting cyl-
inder power is the sum of the cylinder powers.

+H
11

Cylinder
Cylinder Sum of the
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lens powers
The resulting power cross may be written in minus cylinderform as pl 0 4.00 0 180.

2. We will now take the same two cylinder lenses, but with axes

and an equal and opposite amount of minus power in the other. An example of a
Jackson crossed cylinder is shownin Figure 13-17.

A Jackson crossed cylinder is written as if the lens were two cylinders of equal
and opposite powers.
oriented differently, and sum them. What is the sum of a
pl
02.00 0 180 lens and a pl 0 2.00 O 090 lens?

Solution

Again placing these two lenses on power crosses helps in visualizing what is
happening. The yrst lens has zero on the180-degree meridian and 02.00 on the 90-
degree meridian.The second lens has zero on the 90-degree meridian and

02.00 on the 180-degree meridian. When the two lensesare added together in
each meridian, as shown in Figure 13-15, the result is a 02.00 D sphere.

Example 3

Add these two lenses to ynd the resulting spherocylinder lens.

pl 0 1.25 0 090
pl 02.250 180

Solution

Draw three power crosses and enter the cylinder lenses shown above on the yrst
two, as shown in Figure 13-16. Sum the 90-degree meridians, then the 180-degree
meridians. The result is a lens with a power of 01.25 0 1.00 0180.

Jackson Crossed Cylinders

A Jackson crossed cylinder ( JCC) is a lens used in the eye examination process to help
in determining cylinder axis and cylinder power. It has plus power in one meridian
Example 4

What would a 01.00 JCC look like on a power cross? From what two plano
cylinders is it derived?

Solution

A 01.00 JCC has a power of 01.00 in one meridian and

01.00 in the opposite meridian. Figure 13-18 shows what this could look like if
the 01.00 were in the 90-degree meridian. It is the same as crossing two cylinders
of equal and opposite value. In this case these two cylinders would be

67



pl 0 1.00 0 180/pl 0 1.00 0 090.

By pipping the cylinder over using its handle positioned halfway between the
major meridians of the JCC lens, the minus and plus powers trade places. When
looking throughyrst one orientation of the lens, then pipping the JCC by 90
degrees to the opposite orientation, exaggerated views through the opposing
cylinders are seen. Exaggerating the differences makes it easier to know the
answer to the familiar question asked during refraction, A Wh i(vieWw) is better, one
ortwo ? 0

Conceptual Questions for Anticipating the Sum of Two Obliquely

Crossed Cylinder Lenses

In reality few people will be using either the formula method or the graphical method

to ynd the result of twoobliquely crossed cylinders. Instead a computer program will be

used. However, it is useful to understand enough about lenses to know how two
obliquely crossed cylinders or spherocylinders will interact. Here are some con-
ceptual questions to help in understanding how two cylinder lenses will sum.

Examples are included for two cylinders that are not at oblique angles with one another.

Each question represents an important aspect in under- standing how cylinders add

together. The answers were obtained by exact calculations. Exact calculations are not

important, however. The important thing to notice isthe relative power of the cylinder
and position of the new axis.

Question 1. True or false? The sum of the spherical equivalents of the two obliquely
crossed spherocylinders will always equal the spherical equivalent of the resultant
lens.

Answer: True

Question 2. True or false? If the axes of either two plus cylinder or two minus
cylinder lenses are the same, then the resultant cylinder power will be the sum of
the two cylinders.

Answer: True

For example, if a pl 0 2.00 0 180 is combined with pl O
2.00 0 180, the result equals pl 0 4.00 0 180.

Question 3. If the axes of two cylinders are very closeto one another, what can
be said about the power of the new cylinder?

Answer: The resultant cylinder power will closely approach the sum of the two
cylinders. The sphere power will increase only slightly, closely approaching no
change.

Forexample, pl 02.00 0002 combined withpl02.000
178equals00.0203.960180.

Question 4. If the axes of two equally powered cylindersare 90 degrees away from
one another, what will be the result?

Answer: The cylinder power will be zero, and the sphere power resulting from the
two combined cylinder components will change by the full power of the cylinder.
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Forexample, pl 02.00 0 090 combined withpl02.00 0
180 equals 02.00 sphere.

Question 5. True or false? If the powers of two obliquelycrossed cylinders are equal,
the axis of the new cylinder will be halfway in between the two.

Answer: True

For example, pl 02.00 0 030 combined with pl 02.00 0
070 results in 00.47 0 3.06 0 050.

Question 6. If the cylinder powers of two obliquely crossed cylinders are unequal,
what happens to the axis of the cylinder?

Answer: The resulting cylinder axis will be pulled in the direction of the axis of
the stronger cylinder.

For example, pl 02.00 0030 combined with pl0 1.00 0
070 results in 00.31 02.39 0 042.

Question 7. If the axes of two equally powered plano cylinders are very close to
being 90 degrees away from one another, what will be the result in terms of
sphereand cylinder powers?

Answer: The cylinder power will be close to zero, andthe sphere power change
resulting from the two combined cylinder components will change by nearly
the full power of the cylinder. The cylinder axis of the resultant cylinder will be
halfway between the axes of the original cylinders.

For example, pl 02.00 0088 combined with pl 02.00 0
002 equals01.8600.28045.

Question 8. If the axes of two unequally powered cylinders are 90 degrees
away from one another, what happens to the resulting sphere and cylinder
powers?

Answer: The new cylinder power will be the difference between the two cylinder
powers, and the sphere power will increase by the amount of the smaller
cylinder.

Forexample, pl02.00 0090 combined withpl01.000
180equals01.0001.000090.

Question 9. If the axes of two unequally powered plano cylinders are very close
to being 90 degrees away from one another, what happens to the resulting sphere
and cylinder powers?

Answer: The cylinder power will be close to the difference between the two
cylinder powers. The sphere power will increase by close to the amount of the
smaller cylinder. (The axis will be close to the axis of the lens with the higher
powered cylinder.)

Forexample, pl 02.00 0088 combined withpl01.000
002 equals 00.9901.020084.

Conceptually Understanding Obliquely Crossed Spherocylinder

Lenses
By using the concept questions for adding cylinder lenses just presented in the
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previous section, it is relatively easyto apply these concepts to spherocylinders. To
anticipate the resulting spherocylinder powers and axis when adding two
spherocylinders together without doing actual calculations. Start with just the
cylinders and ignore the spheres. First estimate the sum of the cylinders.
Afterwards add back the sphere powers.

For example, in Question 5, when a pl 0 2.00 0 030 is combined with a pl 0
2.00 0 070, the exact result is a lenswith a power of 00.47 0 3.06 0 050. Since
the cylinder powers are equal, the resulting axis will be exactly halfway in
between. (The resulting cylinder power could be estimated as greater than either
cylinder alone, but less than both together. The new sphere would then be
halfway between the sum of the two original cylinders and the new resultant
cylinder.)

If the two lenses where spherocylinders with powersofi 1.50 0 2.00 0 030 and i
1.2502.00 0070, remove thespheres, then sum the cylinders. The cylinders by
them- selves sum to 00.47 0 3.06 0 050. Now add the old spheres together [(i 1.50)
0(11.25)0 (i 2.75)] and combinethem with the new sphere [(i 2.75)0 (1 0.47) O (i
3.22)]. The new spherocylinder power is 03.22 0 3.06 0 050.
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Unit 4:

tical nsideration with incr ina len wer

Learning Objective:

As lens power increases, previously insignificant factors such as thickness and
positioning before the eye affect lens power. Unless compensation for these influences
is made, the finished product fails to perform as anticipated.

At the end of this unit, students will be able to learn relationship of optical system of
the eye with power.

LENS POWER AS REIATED TO POSITION

A 05.00 D lens has a focal length of 020 cm. We know thenthat the mounting
was originally 20 cm away from the screen.If the mounting is moved 5 cm farther
from the screen, it isnow 25 cm away. To cause parallel rays of light to focus on
the screen, a lens with a focal length of 025 cm must be chosen. The reciprocal
of 0.25 m is 4. Therefore a 04.00 D lens must be chosen.
The principal point of focus of a lens is always the same
istance from the lens. So when the lens is moved, the point of focus moves as well.
If the lens position has to be changed, but the focal point must stay in the same
place, a new lens power is required.
For example, if a camera has a distance of 010 cm from the lens to the yIm, there is
only one power of lens that will cause an object at inynity to focus on the ylm. The
proper lens power may be calculated knowing that the focal length of the lens must
be 010 cm or 00.10 m.

Since
Fol

fo

then

F0——0010.00D
00.10 m

If, however, the camera has a distance of 012.5 cm from lens to ylm, the 010.00
D lens is inappropriate, since it would focus light 2% cm in front of the ylm, producing
a blurry image. This is true whether the ylm moves or the lens moves. As long as the
distance between lens and ylm changes from 010 to 012.5 cm, the power
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AS LENS THICKNESS INCREASES

As a lens becomes thicker, there is an increase in distance between front and back
surfaces. Changing the position of the yrst lens surface with respect to the
second meansthat the effective power of the yrst surface at the plane of the
second surface is no longer the same. This in turn causes a change in total lens
power. The actual amount of change may be calculated using vergences.

Vergence of Light As It Travels Through a LensWhen light strikes a lens, it
is refracted at the frontsurface and then travels through the thickness of the
lens. It is again refracted when reaching the back lens

surface. For thin lenses, the distance traveled from frontto back surfaces makes
no appreciable change in total lens power. The thicker the lens becomes,
however, the more of a discrepancy there is between nominal or approximate
power (F1 O F2) and the actual measured power of the lens. As light strikes the
yrst surface of the lens (F1), its vergence is changed, converging or diverging to
a greater or lesser extent than previously. It has

an additional vergence change when reaching the second

Sothe new Fig00

1
0.0939 m

0010.65D

surface (F»).
To ynd the new power in the 90-degree meridian:

since Fgo 0 014.00, then fOg0 0 07.14 cm
New fOgo 0 07.14 0 0.3 0 07.44 cm

Therefore

NewE o 1
% 00.0744 m

0013.44D

If new F1g0 O 010.65 D and new Fgo 0 013.44 D, then the newlens power will be
013.44 02.79 0 090. Not only has the sphere power changed, but also the power of
thecylinder.

In this case it is not valid to calculate the power of the sphere (014.00 D), then
calculate the power of the cylinder(03.00) independently. The cylinder value is the
difference between two meridians and not an independent entity.

Vergence for Thin Lenses
For a thin lens, when the vergence of the entering lightis zero (parallel rays),
the light exiting the lens has a vergence equal to the dioptric powers of the yrst
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and second surfaces (F1 0 F2).

For example, if F1 0 05.00 D and F2 0 01.00 D, when light strikes F1 it is caused
to converge. It now has a vergence of 05.00 D. Because the lens is thin, it
immediatelystrikes the back surface before its vergence changes.Now the back
surface (F2) causes light to converge an additional 01.00 diopter. So on
leaving the second surface of the lens (F»), the light now has a vergence of
06.00 D.

Vergence for Thick Lenses

For a thick lens, the converging light leaving the yrst surface would have a
chance to travel a sig n iagt distance before reaching the second surface (F2).
As willbe recalled from the previous section on effective power, as converging or
diverging light travels through the lens, by the time it reaches the second surface,
F2, it will have a slightly different vergence value from what it had whenit left the
yrst surface, F1. This is because it is now a different distance from its plane of
reference. It is this new vergence (the effective power of F1 at F2) that is altered
to produce a different vergence leaving the lens. However, with thick lenses,
vergence is affected not only by the thickness of the lens, but by the refractive
index of the lens material.

Reduced Thickness and Refractive Index

Light passing from one medium to another through a curved surface experiences a
change in vergence, which, expressed as shown previously, is quantiyed by the
equation:

FOLOOL

This equation, called the fundamental paraxial equation, may also be written as:
(The question really asks, fi Wéit effect will the refractive index of water have on the
distance perceived com- pared with what it would otherwise appear to be inair? 0 )
We can assume that the glass separating the air and water is thin enough to be
of no concern in calculations. The situation is one in which light leaves the object
(a snail), and diverges for 100 cm until it reaches a refractive surface (the front
of the aquarium). Therefore since the side of the aquarium is pat:

F 0 0.00 D,
I000100cmor 01.0 m,
n 0 1.33, and

n00 1.00

(The distance 10 is taken as minus, since the surface of the tank is the refracting
surface and light is traveling yrst through water before it reaches the surface of
the tank.)

The equation
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FohQgn
FolQpn
results in
0 1
0 1
To see the interrelationship between distance (I or 10)

and refractive index (n or n0), consider the familiar situation of looking into an
aquarium ylled with water.

Suppose the aquarium is 100 cm from front to back. The observer is standing in
front of the aquarium observing a snail on the back surface (Figure 14-5). How far
away from the front surface will the snail appear to be?

10 01.0

which algebraically transforms to:

133451

Figure 14-5.
The most
familiar

example of
reduced
thicknessis

seen with an

ordinary
aquarium.
Looking at the
contents
through water
makes
individual
objects seem
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to be closer
than they
would  other-
wise appear if
viewed only
through air.

0o 91.0

1.33
000.75mm

So the snail and the back surface of the tank appear tobe 00.75 m or 075 cm
from the front surface.

Interestingly enough, this example clearly shows thatthe light entering and leaving
the front surface of the front glass has exactly the same vergence, for if F O 0, then
L O LO. The distance in water as compared with thatin air is reduced because the
light is traveling more slowly in water than in air. This concept is referred toas
reduced thickness because objects of a higher refractive index than air appear thinner
than they actually are when compared with the equivalent air distance. The
relationship between the reduced thickness, the actual

F10Li:00 L1
Substituting the correct numerical values, we ynd that:
012.00DOL100O0
or
L:00012.00 D
Light leaving F1 has a vergence of 012.00 D.
The light is now converging toward a point to the right ofthe front surface. That point

in air would be found by taking the reciprocal of the vergence.

L 0 ol
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thickness (t), and the index of the medium in question
(n) can be stated simply as:

reduced thickness O t

and
10 |

Vergence of Light Striking the Second Surface of a Thick Lens

For a thick lens, after light has left the yrst surface, Fi,it travels for a time inside
the lens. The lens has a refradive index that is higher than that of air. Because
vergence depends on the relationship between refractive index and distance:

LoD

012.000
10

110 000.0833m

The distance in question is 00.0833 m.

The light must travel through glass for 7 mm before reach- ing air, however. To ynd
the vergence of light at F., the reduced thickness of this lens must be subtracted
from |10 because the point of focus is now closer to the new plane of reference,
which is the back surface of the lens.

Therefore the new distance (I2) is:

10100t .
n
the vergence of light leaving F1 and striking F2 may not t

be calculated in terms of distance alone.
where

is the reduced thickness of the lens. (Thickness
n
Initially, one would think that the new vergence would be found by directly adding or
subtracting lens thickness from the image distance of light leaving the yrst surface
(10). This was the case in previous effective power problems because in air this
proves true. But here it is necessary to ynd the new vergence at F2 by adding or
subtracting the reduced thickness of the lens from the reciprocal of the vergence.
This keeps the reference medium as air. This is the better choice since calculations
are easier when the ynal results are for rays con- verging or diverging in air.
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FRONT AND BACK VERTEX POWERS

It has been shown that because of lens thickness the nominal or approximate
power of a lens does not accurately predict the actual power of the lens. It will
be recalled that when parallel light enters the front of a lens, it is refracted and
exits from the rear surface of the lens. The image, be it real or virtual, falls at the
second principal focus.

The reciprocal of the distance in air from the rear surface of the lens to the
second principal focus is a speci ymoeasure of the power of this lens and is
known as the back vertex power (F,0). (This is the measure of power of most
importance in ophthalmic lenses.)

If parallel light enters from the rear surface, the place where the image forms
is known as the fi rst principal focus. The reciprocal of the distance in air from
the frontsurface of the lens to the yrst principal focus is another measure of the
power of the lens. This measure is referred to as the front vertex power (Fv)
(Figure 14-6). It is not unusual to ynd front and back vertex powers to be dif-
ferent. If the lens is equiconcave or equiconvex, the frontand back vertex
powers will be the same. If the lens has any other form and is thick, there may
be a measurable difference between front and back vertex power.

Calculating Front and Back Vertex Powers
Front and back vertex powers may be found by ynding vergence as light
approaches and leaves each lens surface.

They may also be found using a formula summarizing c

F1 F2

the necessary vergence factors. By following the vergence methods for solving
this type of problem, it will result in a much better understanding of the action of a
lens on light than will simple formula memorization. Both methods are described.

Solving for Front and Back VertexPowers Using Vergence

If light enters the front surface of a lens as parallel rays, the back vertex power of a
lens will be equal to the vergence these light rays have when leaving the back surface
of the lens. If the form, thickness, and refractive indexof that lens are known, the
back vertex power may be found by systematically tracing the path light rays take

through the lens.
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Sample Questions:

1. Parallel light enters an optical system and must be made todiverge. A 012.50
D lens gives the correct amount of divergence. The system is redesigned,
and this lens must be moved 2 cm to the right (light is assumed to be
traveling from left to right). According to the new system, the light must still
diverge as if from the same point. What new lenspower must be used at the
new location to give the same effect?

Solution

The situation described is shown in Figure 14-2. In the old system, since the
focal length of a 012.50 D lens is 08 cm, light appeared as if it were coming
from a point 8 cm to theleft of the lens. The new system requires that this point
bemaintained, but the lens must now be 2 cm farther from it. The old lens may
not be used since moving it 2 cm to the right would also move the focal point 2
cm to the right. Tomaintain the integrity of the system, the focal length of thenew
lens must be 2 cm longer than that of the old, which is8 cm 02 cm, or 10 cm to
the left of the lens. The diverginglens that has a focal length of 010 cm has a
refractive power of

1

0 010D

00.10 m
of the lens must be changed. To focus on the vylm at
a
distance of 012.5 cm, a power of 08.00 D is requiredd less power than for the
shorter distance (Figure 14-1).

78



2. If a lens of power 05.00 D is mounted so as to focus lighton a small screen,
what new power lens will be required if the lens mounting is moved 5 cm farther
away from the screen?

Effective Power

The power of a lens is normally designated by its dioptric power. Dioptric power
depends on focal length. When light leaves the lens, the exiting light rays are
either parallel, converging, or diverging. The amount of con- vergence or
divergence of light rays is a dioptric value. Lenses get their dioptric power based
on the reciprocal of the distance from the lens to the point of focus. However,
as the light travels closer to the point of focus,its vergence value changes.

the point of focus, they have

+10.00 D Lens \ . a vergence of 010.00 D. Ata
Focal point

reference plane one

centimeter closer, the same

rays now have a vergence

of:
1
or +11.11 D
5 0.09m
A «—— 10 cm ———>
Still  another centimeter
closer and the vergence will
be:
1
or012.50D
0.08m

To help in understanding

effective power, suppose a
010.00 D lens is to be
replaced by a different lens
positioned 2 cm to the right

+10.00 D Lens Focal point

of the original 010.00 D
lens. Remember, the same

w4

focal point must be main-
tained. Therefore to have
the same effective power as
the 010.00 D lens, the
replacement lens must be a
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012.50 D lens.

As a second example,
suppose a 010.00 D is to be
replaced by a different lens
positioned 5 cm to the right.
To have the same effective
power as the 010.00 D, but
at a position 5 cm to the right,
a 020.00 D lens would be
required (Figure 14-4).

+8.00 D Lens
Focal point

C }47 12.5cm 4>‘

Figure 14-1. The relationship between lens power and desired focal plane may be
illustrated using the example of a camera. In (A) the 010.00 D lens is correct for the
camerad 40-cm depth. Placing that same lens in a deeper camera (B) however,
results in a blurred image. The lens is farther from the ylm, and the image falls short.
Choosing a lens of longer focal length (C) resolves the problem.

The vergence power a lens produces at a position other than that occupied by the
lens itself is known as the effective power of the lens for that particular reference plane.
The effective power of a given lens in air may be obtained by taking the reciprocal
of the distance in air from the new reference plane to the focal point of the lens
(Figure 14-3).

For example, if light rays are converging towards a given point in air, when these
rays are 10 cm away from

Effective Power as Related ToVertex Distance Changes

The distance from the back surface of the spectacle lens to the front surface of
the wearerd sye is known as the vertex distance. Traditionally, for purposes of
calculation, a distance of 13.5 mm was 1qonsidered average. In actual practice,
vertex distances vary considerably. Posifioningthe glasses at a vertex distance
other than that used during the refraction means that the effective power at the
refracting distance is now different from that originally intended. For a low-
powered lens whose focal length is long in comparison with the vertex distance,
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there is very little difference. But for higher powered lenses, a small change in
vertex distance can make a considerable change in effective power.

3. A person is refracted at a 12.0-mm vertex distance and found to need a
08.50 D lens. A frame selection is made and the lenses ytted at a 17-mm
vertex distance. (Incidentally, this is not a good frame selection for this
prescription.) What power lens must be used at 17 mm to give the same

effective power recorded for the refracting distance?

Solution

A 08.50 D lens has a focal length of 011.765 cm. If the newlens has a vertex
distance of 17 mm, this is 5 mm to the left of the original position. To achieve
the same refractiveeffect for the wearer, the focal length of the lens dispensed must
be 5 mm longer than for the refracting lens.

?D

-
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2. If the
position of a
lens
changes, to
maintain the
same effect,
a lens of a
different
power must
be chosen.
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Figure 14-3.
Vergence of
light in air is
the
reciprocal of
the distance
from the
reference
plane to the
point of
focus.

Figure 14-
4, It can
be seen
that for
different
planes of
reference,
the
effective
power of



011.765cm 00.5cm 0 012.265 cm

the

original
lens is
different
from the
marked
value.
Thus the
effective
power of a
010.00 D
lens at a
point 2 cm
to the left
of where it
actually
stands is
08.33 D.
In other
words, the
lens that
would be
used to
replace a
010.00 D
lens at a
point 2 cm
to the left
of it would
be a
08.33 D
lens.

If the new focal length must be 012.265 cm, the new lenspower must be:

ffective Power Written as a Formula

Effective power can be written as a formula. As a formula, effective power is as

follows:

83



-1

0 08.15D
00.12265 m
Feff
o 1
1od
O

Effective Power of a Spherocylinder Lens

When calculating the new power needed for a spherocylinder lens at an altered
vertex distance, the power in each major meridian must be considered separately.

4. If a 014.00 03.00 0 090 lens is prescribed at 12-mm vertex distance and the
frame selected is positioned at 15 mm, what will the new prescription be?

Solution
The major meridians are:

F1800011.00D
Fo00014.00D

The new effective power for the 180-degree meridian is calculated by yrst ynding the
focal length:

f0 0 —L9 09.09cm

180 011.00

The new lens will be 15 0 12 or 3 mm farther from the linefoci of the lens. Therefore
since the lens is plus, the focal lengths will be 3 mm longer.

New fO180009.09cm 00.3cm 009.39cm

where Fert is the effective power, F\0 is the back vertex power of the lens, and
d is the distance in meters from the original position of the lens to the new
position of the lens. It is not advisable to memorize the formula instead of trying
to understand the concept of effective power.

5. A lens has the following dimensions:

Figure 14-6. When light enters a lens from the front, the

focal length, and consequently the measured focal power, can be different from
when light enters a lens from the back. A and B show the difference between
front vertex and back vertex focal lengths ( fy and f,0). These focal lengths will
directly determine front and back vertex focal powers (Fy and F.0). (B, drawn
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with the lens backward to allow better visual comparison between the front and
back vertex focal lengths.) C, The conventional manner of representing front
and back vertex focal lengths diagrammatically. (F O yrst principal focal point;
FO O second principal focal point; f, O front vertex focal length; f,0 O second
vertex focal length.)

Solution

Light entering the lens must be from an object ati n y modetegmine back vertex
lens power. The rays entering the frontsurface of the lens will then be parallel,
having a vergenceof zero (Figure 14-7). Since

F1008.00D

F->002.00D
t0O5mm
n01.523

and

L100 F1

L1
Quvhat is the back vertex power of the lens?

L1 00.00 D

L.=+8.27D

‘ Lot =+6.27 D

Figure 14-7.
Lens
curvature
and
thickness
have a
de yite ot o< t=5mm (—:] = 0.0033 m)
bearing on

the ynal

back vertex

power of a

lens.

«— F2=712.00D
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-2.00D

Figure 14-8.
Reversing a

lens may
change the
position  of _ 7 fe
the image.

For some —> <— t=5mm
lenses, front

and  back

vertex power

may be quite

different.

Here, the

lens shown

in Figure 14-

7 has been

reversed to

more easily

use a

vergence

method  of

ynding its

vertex

power.

then

L:0008.00D 00.00D
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or
L.0 0 08.00 D

To ynd the vergence of light at F2, the reduced thickness issubtracted from 110.

|l 0100t
21

then in this case,

L20 0 02.00 0 8.22
006.22

Since back vertex power is the vergence with which light froman object at inynity

leaves a lens, the back vertex power (F,0)for this lens is 06.22 D. This is
noticeably different from thenominal power of the lens, which equals 06.00 D.
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Unit 5:

tical Prism: Power and B Direction
Learning Objective:

At the end of this chapter, students will be able to learn:
1. Relationship of prism with optical lenses.
2. Uses of ophthalmic prisms. Difference of ophthalmic, optometric and opticianry
prisms.
3. Uses of prisms in spectacles, dispensing prisms.

A lens causes incoming light to change in its vergence by making that light converge
or diverge.

A prism causes light to change direction without changing its vergence. The image
of an object can be optically repositioned with a prism. People who have problems
with how their eyes work together as a team can be helped by the use of prism. In
this chapter we look at what a prism is and how it is used in eye care.

OPHTHAILMIC PRISMS

A prism consists of two angled refracting surfaces. The simplest form of a prism is
two pat surfaces that come together at an angle at the top. The point is called the
apex of the prism; the wider bottom of the prism is calledthe base.

The Relationship Between Prism Apical Angleand Deviation of Light

Suppose a prism is oriented so that incoming light strikes the yrst surface
perpendicularly. When light strikes the yrst surface it is going from a low refractive
index mate-rial (air) into a higher refractive index material (the prism). However, it
does not change direction because it enters the surface straight on. Light will
continue to travel through the prism without being bent until it reaches the second
surface (Figure 15-1). This ray of light then strikes the second surface at an angle.
Becausethe light has not been bent by the first surface, the angle at which it strikes the
second surface is equal to the apical angle of the prism (Figure 15-2). As this ray of light
approachesthe second surface of the prism, it is traveling from the denser (high
refractive index) medium of the prism to a less dense medium (air) and will be bent
away from the normal* to the surface. Light is always bent toward the base of a
prism.

What is the relationship between the apical angle ofa prism and the amount of

deviation of the light produced by that prism?

Remember, fi ormal ® the surface means perpendicular to the surface.
Simplifying for Thin Prisms
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In an effort to simplify, there is a shortcut for yndingthe angle of deviation that

may be applied for thin prisms.

We know by looking at Figure 15-2 that:

The angle of incidence (i2) equals the apical angle ofthe prism (a), or (i2 D a)
The angle of refraction (i2D) is the sum of the apical angle

(a) plus the angle of deviation (d), or

(i:D D a D d)

Angleofrefraction

<7
a \ (Apical angle)

0 <
@
Angle d
of iz (= a)

‘Angle of
deviation

Figure 15-2. This prism is oriented with the yrst
surface perpendicular to the incoming light ray. This
means that the angle of incidence at the second
surface (i0) is equal to the apical angle of the prism.
Note also that the angle of refraction (i-D) equals the
apical angle (a) plus the angle of deviation (d).

ThePrism Diopter (D)
The power of a prism could be quantiyed in terms of apical angle. The problem is
that prism power would vary depending upon the refractive index of the prism. So
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this does not work very well.
A prism could also be qua n t i iy terohs of the angle of deviation in degrees that it
produces. This is better because it is independent of index. However, angle of
deviation is not as easy to work with for ophthalmic purposes.
A third way of quantifying prism power is to express it in terms of how far it displaces
light when measured on a pat screen. In other words, how far was light dis- placed
from the point it would otherwise have struck at a given distance from the prism had
it not yrst been bentby the prism. This type of unit is called the prism diopterand is
abbreviated by the Greek delta symbol (D). The prism diopter is an angular measure
derived by using the tangent of the angle of deviation. The prism diopter s the unit of
angular measure whose tangent is 0.01 or
D1D
Finding Prism Displacement for Any Distance

If prism displacement can be written as:

tan d D—P
100

We can also determine prism diopters if we know the amount of displacement of
the ray for any given distance from the prism. If the displacement is x units on a
pat plane that is located y units from the prism, then:

tand D X
y

This means that:

tand D—— p X
100 y
or
LD X
100 vy
D100D
Remember, in trigonometry the tangent of an angle
D oppD

is the opposite over the adjacent tand D (Figure

Notice that both x and y must be the same units of measure. If x is
centimeters, then y must also be centi- meters (See Figure 15-4, B.)
pP  adgiPp
15-3). This means that for a screen 100 cm away, if a
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prism displaces the image 1 cm, the prism has a power of 1 prism diopter. So from
the geometry of Figure 15-4 we see that:

tand D—P
100

where P is the number of centimeters that the image is displaced at a distance of
100 cm (1 m). By deynition P will also be the number of prism diopters (D) of prism

displacement power.

|<—

(1 meter)

-
1cm I L
A

>|><|<—
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Figure 15-4. A, We see that, by deynition, a prism
having a power of one prism diopter (1D) will
displace a ray 1 cm at a distance of 100 cm. B,
We notice that the angle of deviation caused by the
prism (d), and the amount of displacement (x) on a
plane at a given distance (y)

from the prism can be described by tan d D X C, Knowing what we
see in B, we can relate

prism diopters to the angle of deviation with the relationship: tan d D
P

100

and knowing that x D 9 cm and y D 300 cm, then:

P 59100 300

So basically we used similar triangles to ynd that for a displacement of 3 cm at
a distance of 100 cm, this prism has a power of 3D. This is because, by deynition,
a 3-cm raydisplacement at a distance of 100 cm is 3 prism diopters.

If we were to use the equation:
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p o D9DD100D
300

3 cms

And change the units of measure for the distance from theprism to the screen into
meters, then we would have:

P D X centimeters

The Prism Centrad (A)

A seldom-used method of quantifying prism deviation isthe centrad (abbreviated
A). A centrad is similar to a prism diopter in that a ray is displaced 1 cm at a
distance of 1 m from the prism. The difference between the twois that a prism
diopter is measured on a pat plane 1 m away, whereas the displacement of a
centrad is measured

It is possible to convert back and forth from degrees
of

deviation to prism diopters using trigonometric functions as described earlier and
shown in the equation:

tand D P

100

*At this point, it should be mentioned that some manufacturing opticians refer
to prism diopters by using the term degrees. Although sometimes used in the trade
and understood to be the same thing as a prism diopter, this use of the term
degrees is technically inaccurate and must not be confused with either degrees
of deviation or apical angle as expressed in degrees.
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Figure 15-5. One (1) centrad equals one hundredth
part of a radian. The one hundredth part is measured
on the circular arc. If the radius equals 100 cm, then
1 centrad (A) is 1 cm mea- sured on the curved arc.

on the arc of a circle having a 1-m radius (Figure 15-5). The centrad is thus a more
consistent unit of measurement, but it is not used clinically. For small angles of prism
deviation, the centrad and the prism diopter are nearly equal. However, as the
amount of prismatic deviation increases, the two become increasingly different.

Image Displacement
If a prism is placed before an eye, the deviated ray entersthe eye. The eye itself has
no way of knowing that the ray has been deviated. It simply appears to be coming
from a different direction. Since this ray comes from a sp e c iobject, the object itself
appears to be displaced. Since there is no actual displacement, what the eye sees
is a displaced image of that object. The phenomenon is referred to as image
displacement and is shown in Figure 15-6.

The amount of image displacement is predictable from the power of the prism and
can be expressed in prism diopters. This corresponds exactly to the previous
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d enjtion. As seen in Figure 15-7, if a ray of light is dis- placed 1 cm at a distance of
1 m from the prism, the image of an object in front of the prism will be
correspondingly displaced 1 cm for each meter the object is from the prism.*

*For objects closer to the prism than inynity, the divergence of the rays striking the
prism causes a ray displacement (and consequently an image displacement as
well) that is slightly different than that manifested for an object at inynity. This is called
fi #ective prism powe rand is explained later in this same chapter. Rays from an object
at i migy strike the prism with neither divergence nor convergence, but are parallel
rays.

Figure 15-6. When looking through a prism, the image of an object appears to
be displaced from its actual location.

Direction of Image Displacement

As previously seen, a single ray of light is deviated in thedirection of the prismd s
base. From the point of view of an observer holding the prism before his or her
eye, the prism causes the image of a viewed object to be displaced in the direction
of the apex of the prism. To remember this easily, think of the prism as being an
arrow with its apex pointing in the direction of the displaced image. i fie eye
turns in the direction the prismp oi nt s. 0

Practical Application

Prism is used in a spectacle lens prescription to either cause or allow the eye to
turn from the normal straight- ahead viewing direction. If one eye turns upward,
a prism may be placed with its base down before that eye. This causes an object
to appear as if it is farther up than it actually is. When this is done, the image
the eye sees will correspond to the position where the deviant eye is looking so
that both eyes may more easily work together as a team. In this simpliyed
example, the direction of
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Ray displacement

\ |
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Image displacement

L.

< M4>‘

Figure 15-7. How prism diopters correspond for
both displacement of rays or displacement of
images.

prism orientation would depend on which way the eye tended to point.

How to Specify Prism Base Direction
There is more than one way of specifying prism base direction. Lens prescribers
tend to use one method because it yts in more with how they measure the amount of
prism needed. The optical surfacing laboratory uses another method because prism
can only be ground in a certain manner.

97



The Prescriber £ Method

The person prescribing prism generally uses the wearer® face to reference the prism
direction. The top and bottom of the wearerd $ace and the nose or sides of the head
are used to specify base direction. If the prism is fright side u p ,with the base
pointing downward and the apex pointing upward, the prism is said to be a base-
down

prism. If it is A usjgle down,0the prism is said to be base up (Figure 15-8).

If the prism is on its side, so to speak, the base of the prism will be oriented
either in the direction of the nose or outward away from the nose. Prism oriented
with its base toward the nose is said to be base in (Figure 15-9). Prism turned
with its base away from the nose is referred to as being base out (Figure 15-10).
This is perfectly adequate for those doing the prescribing since vertical and
horizontal prism elements are considered separately. If both horizontal and vertical
prism corrections are required, then two prism elements are prescribed.

Unfortunately, this is somewhat limiting for the optical surfacing laboratory.
First of all, if base-in orbase-out prism is prescribed, it depends on which eye is
being referenced as to which direction the base of the prism actually faces. For
the right eye, base-in prismmeans that the base goes to the right, but for the
left

Base down

Figure 15-8. It is not necessary to know which eye a prism is on to be certain what
fbase down d@r fi bsa up dneans. (However, base down before the right eye has the
same effect for the wearer as base up before the left. They are not opposite effects.)

Figure 15-10. Even though the prism bases go in opposite directions, both are
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classiyed as fi bsa out. & is not possibleto know exactly which way a base-
out prism is oriented untila right or left eye is speciyed.

Base out

Figure 15-9. When horizontally oriented prism is prescribed for both eyes, it is
almost always either base in for both eyesor base out for both eyes. Base-in prisms
on both right and lefteyes do not cancel each other, but rather augment the desired
effect. S

Bain
u| ase

eye, a base-in prism means that the base goes to theleft.

A 360-Degree Laboratory Reference System

Although the prescriber6 smethod of specifying prism is well suited for those

examining eyes and those dispensing eyewear, it is not adequate for the optical

laboratory. The optical laboratory uses either a 360-degree system or a 180-degree

system of specifying prism base direction.

The 360-degree laboratory reference system uses the standard method of

specifying direction in degrees, as shown in Figure 15-11. When a lens is viewed

from the front (convex side facing the observer), the base direction is speciyed as

follows: If the base is pointing to the right, it is speciyed as base 0 degrees. If the

base is oriented inan upward direction, it is base 90 degrees. To the leftis

base 180 degrees, and straight down is base 270 degrees.

The prescr i b enethibd uses a rectangular coordinate system of horizontal and
vertical measures. The laboratory method uses a polar coordinate system of
degrees.
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Converting the Prescriber 6Method to theLaboratory System
Suppose a prescription calls for 2 diopters of base-down prism. What is that in
the 360-degree laboratory reference system?

Base-down prism is below the 180-degree line. There- fore it must be greater
than 180 degrees. Since there are only four directions in the prescriber 6 s
method, it must be either 0, 90, 180, or 270 degrees. The 270-degree direction
is straight down. Therefore 2 diopters of base-down prism corresponds to base
270.

Converting from the Prescriberd sMethod When Two Prism Elements Are
Involved

Sometimes a prescription calls for two amounts of prismin two different directions,
both on the same eye. When lenses are ground, it is not possible to work with two
prisms. Instead the two prisms are combined into one new prism. Fortunately the
end result is the same.

Using one prism instead of two is like taking a short- cut across a yeld. Instead of
walking 2 miles east and 2 miles north, it is possible to walk 2.83 miles northeast
and arrive at exactly the same location. (Those familiar with geometry will recognize
this as simply the sum of
indicate the amount of prism being measured. If the lensmeter is focused, the
lines on the target cross atthe location of the optical center of the lens. Normally
the lens is moved until the target lines are superimposed on the center of the
lensmeter reticle, as in Figure 15-13.If the target lines are not centered, the
place on the lens where the lensmeter is measuring creates a prismatic effect.
The amount of prism is indicated by the location of the intersection of the target
lines.

For example, if the target lines intersect on the reticlering marked i 1 thedlens
shows 1 diopter of prism. If thetarget lines are on the fiL &eticle ring exactly
above the center of the reticle, as shown in Figure 15-14, the prismdirection is
base up. As would be expected, a base-in or base-out effect will be seen to the
left or right, depending on which lens is being measured (Figure 15-15).

If a lens is placed in the lensmeter and the intersection of the target lines
occurs at a location other thanon the vertical or horizontal reticle line, then both
vertical and horizontal prism are being manifested. The amount of each is found
by drawing imaginary linesfrom the target center to the horizontal and vertical
lines
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Figure 15-14. If a lens shows this in the lensmeter, there is 1 prism diopter of base-
up prism at the point on the lens being looked through. This is true regardless of
whether it is a leftor a right lens.

Figure 15-16. Assuming that this lens is for the right eye, the prismatic effect shown

is 2D base in and 1D base up. The base direction of the resultant prism is 27

degrees. It should be noted that the tilt of the triple and single target lines do not

tell base direction. Within the eyepiece is a hairline that is turned until it crosses

the center of the target. This hairline indicates the correct number of degrees.

(The interior degree scale is not shown.)

N

Figure 15-15. For this lens, the amount of prism is 1 prism diopter. However, since
we do not know whether the lens is for the left or right eye, we do not know if the
prism is basein or base out. If the lens is intended for the right eye, the base direction
is base out.

In Figure 15-16, if the lens is a right lens, the amount of prism manifested is 2 prism
diopters basein and 1 prism diopter base up. However, the location ofthe center of
the target really shows only one prism. By looking at the ygure it can be seen that
the amount of

prism is really about 2.25 prism diopters. The base direction is approximately 27
degrees. (Most lensmeters have a degree scale within the reticle that can be
used tomeasure the angle.) We now have a simple system for converting the
prescribe s iethod to the laboratory reference system of recording prism. Since
looking into a lensmeter each time is somewhat inconvenient, an alter- native is
to use a device called a resultant prism chart. This chart is shown in Figure 15-17.
Such a chart is used in the same manner, but without the lensmeter.
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A Modifi ed (180-Degree) Reference System
Since people in the optical industry are familiar with a 180-degree system when
specifying cylinder axis, many prefer to use only 0 to 180 degrees when
specifyingprism base direction. With cylinder axis there is no difference between
axis 90 and axis 270. The cylinder axis is one continuous line. This is not the
case, however, with prism base direction. With prism a base 270 direction is
exactly opposite a base 90 direction. Thus when using only 0 to 180 degrees,
the number must be followed by either A u rof ow n .Tiderefore fi bsa 9 06
fi bsa 90 up , add base 270 is fhase 90 down . 0

In practice if the base direction is between 0 and 180 degrees, the word fil p i&
dropped. But if the base direction corresponds to more than 180 degrees in the 360-
degree system, 180 degrees is subtracted from the number, and the word fi own ds
always added. For example, in the 180-degree reference system, base 270 is (270 D
180), or base 90 DN (down).

Prism Base Direction for Paired Lenses

Prism is normally prescribed to compensate for d i f ty the ¢yes have in working
together (i.e., for the purposes of addressing a binocular vision problem). Because
eyes work as a team, prism placed in front of one eye affects both eyes. Therefore
the full prism correction may be placed before one eye, or the correction may be
divided between the two eyes. Dividing the prism may be done as an even split or
by placing an unequal portion before one eye and the remainder before the other.

Splitting Horizontal Prism
Very often horizontal prism is split evenly in front of both eyes. Both prisms will be
base in, or both will be base out.

It is perfectly legitimate to split prism unevenly. For example, instead of splitting
prism as:

R: 2D base outL: 2D base out
the prescriber may cause the same effect binocularly with

R: 3D base outL: 1D base out
or even

R: O prism

L: 4D base out

The net effect will be the same. One reason prismmay be split unevenly may
be because of eye dominance. In other instances, the choice of how to split prism
may be made in an effort to either improve the cosmetic appearance of the lenses
or equalize lens thicknesses.

Base-out prism in front of the right eye gives the same optical effect as base-out
prism in front of the left eye. Base-in prism in front of the right eye gives the same
optical effect as base-in prism in front of the left eye.
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Splitting Vertical Prism
Vertical prism may also be split evenly or unevenly before the two eyes. An example
of prism split evenly would be:

R: 2D base up

L: 2D base down

For example, the prescriber may cause the same effectbinocularly with

R: 3D base up

L: 1D base down

or

R: 0 prism

L: 4D base down

With vertical prism, base up in front of one eye creates the same effect as prism
base down in front of the other eye.

This concept is more easily understood by remembering that a prism allows
the eye to turn in the directionof the prism apex. Therefore if the right eye turns
up, a base-down prism before the right eye will allow the eye to turn upward (in
the direction the prism apex points) and should help in preventing eyestrain or
double vision.

To summarize:

Right eye Left eye
Base out Base out
is the same as
Base in Base in
COMPOUNDING AND RESOLVING PRISM

As seen earlier, a prescription may require both horizontal and vertical prism in
the same lens. In the manufacturing process, one simple prism may be
calculated suchthat it produces exactly the same effect as the two speciyed
prisms combined would have. When two prisms are combined in power and
base orientation to form one prism that is the equivalent of both, the process is
known as compounding prism.

The reverse of compounding prism is the process of taking a prism whose
base orientation is oblique and expressing it as two prisms oriented
perpendicularly to one another. The process of expressing a single oblique
prism as two perpendicular components is known asresolving prism.

When using a lensmeter to analyze a prescription pair of glasses containing
both horizontal and vertical com- ponents, the two components appear as one
compounded prism with the base oriented obliquely. This prism may be resolved
into horizontal and vertical components. This may be done easily when the
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compounding and resolving processes are understood.

Compounding

Compounding of two prisms into one is done by exactly the same process used

for obtaining the sum of two vector. The two prisms are drawn to scale as

vectors, the unit length of each correspondingto the units of prism power. The

arrow points in the direction of prism base orientation.

Combining Two Obliquely Crossed Prisms

At yrst glance, the problem of combining two oblique prisms into one single prism

seems difycult. However, there are no new concepts here. In general terms, this can

be done as follows:

1. Take each oblique prism and resolve it into its horizontal and vertical
components.

2. Add the horizontal components from the two prismstogether into one.

3. Add the vertical components from the two prismstogether into one.

4. Combine the resultant vertical and horizontalcomponents into a new, single
prism.

ROTARY PRISMS

There is an application of obliquely crossed prisms that is used on a regular
basis in ophthalmic practice. That application is called a rotary or Risley& prism.
A rotary prism is a combination of two prisms. These prisms are placed one on
top of the other. Initially, their base directions are exactly identical, but as the
prisms are rotated, their bases move by equal extents in opposite directions.
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Figure 15-24. A, A Risleyd ®r rotary prism is really two prisms, one on top of the
other. When these equally powered prisms are placed base-to-base, their combined
prism amount is at a maximum. B, When a Risleyd sr rotary prism has the two prism
elements base-to-apex, the resultant amount is zero.

Now suppose we begin with both 10D prisms base down. Together they total
20D base down. Next we rotate one prism base 37 degrees clockwise and the
other base 37 degrees counterclockwise. Now what prismatic effect is being
manifested?

We plot each prism in vertical and horizontal components as seen in Figure 15-
25. This shows that the horizontal components are equal and opposite. They
cancel out. The vertical canpgants are both 8D base down, which when added
equal 16D base down.

As the prisms continue to be rotated in opposite directions, the horizontal
components increase equally and continue to cancel out, and the vertical
components decrease. This continues until both prisms are fully horizontal-one
base left, the other base right. Now thereis neither horizontal nor vertical prism.
The prismatic effect is zero. If the two prisms continue to be rotated past the
horizontal, base-up vertical prism begins to increase and continues to increase
until both prisms are fully base up. As these prisms were being rotated, there
was never anything but vertical prism being manifested.

The same thing may be done to produce varyingamounts of only horizontal
prism. To produce only horizontal prism, begin with both prisms base left.
Rotate the base of one prism clockwise and the other counter- clockwise in
equal amounts (Figure 15-26). Now horizontal prism varies, and vertical prism
remains at zero. There are two common forms of the Risleyd ®r rotating prism
in ophthalmic practice. One, found on thephoropter, is used to measure phorias
and ductions (Figure 15-27). The other is found on some lensmetersand is
used to measure large amounts of prism in spectacle lenses.
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HOW THE EFFECTIVE POWER OF A PRISM CHANGES FOR NEAR
OBJECTS

A prism displaces a ray of light consistently. However, it will affect the eye
somewhat differently when looking ata near object than it does when looking at
a distantobject. The eye will turn less when looking through a prism at a near
object than it will when looking through that same prism at a distant object.
Therefore the effective power of the prism, when measured as the angle that light
enters the eye, will decrease as an object moves closer to the prism being worn.
So although a prismdisplaces a ray of light consistently, the power of the prism,
when measured by the angle that light entersthe eye, will be less the closer
the viewed object is tothe prism.

For an object at inynity, a prism will cause that objectto be displaced such
that the angle of displacement, (d) equals the angle of rotation of the eye (de)
(Figure 15-29). In other words, for distance vision, the prism causes the light to
deviate or bend by the angle d. This is equal to the actual (effective) turn of the
eye de.

107



Sample questions:

1. If a prism has an apical angle of 8 degrees and is made from CR-39 plastic
with a refractive index of 1.498, how many degrees will the prism deviate the
light ray from its original path?

Solution

When working through this example problem, refer to Figure 15-2. Notice that light
entering the yrst surface is perpendicular to the surface and is not bent. It is bent
at the secondsurface and, accordingto Sn e llaw,6 s

nsini D nD siniD
where n D 1.498
nD D 1.0,

sin 8 D 0.1392

So by substituting,

(1.498) (0.1392) D (1.0) (siniD)
siniD D 0.2085

Next using a calculator we ynd the inverse sine (sinP?) of 0.2085 to be:
iD D 12.03 degrees

The angle of refraction is the angle at which the light ray leaves the second
surface. To ynd the angle of deviation (i.e., how many degrees the light is deviated
from its original path), subtract the angle of incidence from the angle of refraction.

(angle of deviation) D (angle of refraction)
m(angle of incidence)

dDIDDI
D 12.03 D 8.00
D 3.97 degrees

In this instance, the resulting angle of deviation is 3.97 degrees, or rounded off,
4.0 degrees.

2. A prism is made from polycarbonate material having an index of 1.586. It has
an apical angle of 5 degrees. What is the angle of deviation that it produces
in air?
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Solution
Again using Snell6 faw,

nsini D nD sin
iD

We can substitute and ynd:

(1.586)(sin8) D (1.0)

(sin iD)
(1.586) (0.0872) D sin
iD
S
in iD D 0.1382
Next the
inverse sine of
0.1382 is
found.
[
D D 7.95
degrees The
angle of
deviation is:
dDIDDi
D7.95D5

D 2.95 degrees

Figure 15-1. The more wedge shaped a prism is, the greateris its ability to divert
light in another direction.

So the angle of deviation is 2.95 degrees.

3. A 5D base-in prism is prescribed for distance vision. The prism is worn at
a vertex distance of 20 mm. What is the effective power of the prism for objects
at 40 cm?

Solution
Before trying to solve by just using the equation, notice that vertex distance was
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givend not the distance to the center of rotation of the eye. If we use the effective
prism power formula, we need to know the distance from the prism to the center
of rotation of the eye. The unknown quantity is the distance from the front
surface of the cornea to the center of rotation. This distance is usually assumed
to be

13.5 mm. If we assume that the distance from the cornea to the center of rotation
is 13.5 mm, then the distance from

and

100 DI

the prism to the center of rotation will be 20 mm D 13.5 mmor 33.5 mm.
Note that because of sign convention, the distance from

Pepn ¥
100 DIDs
the lens (prism) to the near object is a negative number (D400
mm). So when putting the numbers into the formula we have:
By transposing the yrst equation we get
yD P(DI)
100

And by transposition the second equation becomes

5

Effective Prism Power D————
1D 335
D400 mm
D—=2 p 2
y D Pe DDIDsD
100

1D DDO0.084D 1.084
D 4.61D

Now we have two values for y that must be equal to oneanother. Therefore we can
combine the two as:
P(Dl) p Pe DDID sD

100 100

This reduces to
p(DI) D pe(DI D s)

and becomes
€ DDIDsD
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The effective power of a 5.00D base-in prism, when used toview an object at 40
cm, is 4.61D base in.

4. Suppose an object is at a distance of only D10 cm from a base-down prism
having a power of 6. If the prism is worn at a distance of 25 mm from the
center of rotation of theeye, what is the effective power of that prism?

Solution
Since | D D100 mm, s D 25 mm, and P D 6D, then

When transposed the result is what is referred to as the
effective prism power formula:

_P
Pe D g P
1D
|
6
Pe D
1D S
|
D
D p1ooD
1pD 25 D

So the effective power of the prism for near objects can
be compared mathematically with the actual power of the prism for objects at inynity
with the above formula.
D & _

1D0.25
D 4.8DNote: As an object approaches the plane of the prism, the effective power of
the prism continues to drop, losing power rapidly until the object ynally touches the
front of the prism, and the effective power essentially drops to zero.

5. How many prism diopters are produced for each degree ofdeviation?
1 meter

or
y meters

Solution
For 1 degree of deviation, we begin by ynding the tangent ofl degree.
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6. How many degrees of deviation are produced by 1 prismdiopter?

Solution
This time we are going the other way.

How much prism power does a prism have if it displaces a ray of light 5 cm from a
position it would otherwise strike ata distance of 5 m from the prism?
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Unit 6:

Optical Prism:

Decentration and Thickness

Learning Objective:

At the end of this chapter, students will be able to learn:
1. Centration and decentration of lenses.
2. Rules and angles involved in prismatic prescriptions.
3. Level of thickness in different parts of the prisms.

The relationship between a normal plus or minus spectacle lens and optical prism
can sometimes be difycult to understand. For example, when

the optical center of a lens is moved away from its expected position in front of the
eye, that lens now causes a prismatic effect. The farther the lens is moved or
decentered from its original position the greater the amount of resulting prism. This
chapter explains how this happens and how prism is related to thickness differences
across a lens. Grasping these concepts leads to a much greater understanding of
prism and lens prescriptions.

DECENTRATION OF SPHERES

When light goes through the optical center (OC) of the lens, it goes straight through.
It is not bent. When light goes through any other point on a lens, the ray of light is
bent. The farther from the optical center that a light ray strikes a lens, the more that
ray will have to bend to pass through the focal point of the lens. This lens
characteristic may be used to advantage when pre- scribed prism is required in a
prescription. However, it will also cause problems if the lens has not been properly
centered before the eye.

A Centered Lens

At the exact OC of a lens, front and back lens surfaces What happens when the
lens is moved so that the center of the lens is no longer in front of the center ofthe
eye? To understand what happens, consider the shape of a plus lens. From the side (in
cross section), it appearsto look much like two prisms placed base to base (Figure
16-2). A minus lens gives the impression of being a com- bination of two prisms, but
this time placed apex to apex(Figure 16-3). When the wearer looks right through the
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center of the lens, the object is not displaced from its actual location. But when a plus
or minus lens is moved off-center in relationship to the location of the eye, the object
appears displaced as shown in Figures 16-2 and 16-3. This means that a decentered
lens causes a prismatic effect.

Pr entsiRale 6

Remember that prism power is the amount light is dis- placed in centimeters at
a distance 1 m away from the lens or prism.

The relationship between focal length (f ) and decentration (c) is shown in Figure
16-4 using similar triangles. This relationship is the same as the d e yioni of
prism power: the displacement in centimeters over the distance in meters.

By similar triangles, as shown in Figure 16-4, B and

C, we see that:

cDcmsD 4 image displacement in cm

are parallel to each other. The line that passes through
the OC of a lens is known as the optical axis. Light from
f DmetersD
1 meter
an object at i mify is focused somewhere on the opticalaxis. The exact location of
the focal point depends onthe power of the lens.

If the optic axis of a lens passes through the center of the pupil, the lens is
centered in front of the eye. If the lens is moved so that it does not coincide with the
line ofsight of the eye (for our purposes at the center of the pupil), it is said to be
decentered.

A Decentered Lens

Normally an individual wearing corrective lenses has each lens positioned with its
optical center in front of the eye. In this position, when the wearer looks straight
ahead there is no displacement of objects from theiractual positions (Figure 16-1).

And we know from the deynition of a prism diopter that

D p Mmage displacement in cm

1 meter
Therefore, we can see that

£pp

f

So if we know lens decentration in centimeters (c) and lens focal length (f), the
prismatic effect caused by the decentration may be calculated.
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Figure 16-1. When a lens is positioned with its optical center directly in front of the
eye, there is no prismatic effect.

. Eye
Imageis not B A NG ——
displaced —

Lens centered before eye

Figure 16-3. Moving the optical center of a minus lens downward will produce a
base-up prismatic effect.

Image moves upward

Plus lens
moved

Figure 16-2. Moving the optical center of a plus lens downward Willlp oduce a base-
down prismatic effect.

Image moves downward l W _,»7,; i

|

Minus lens
moved
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f

Because

Fpi

Prism Base Direction With Decentration

When a lens is decentered, a prismatic effect is created. With decentration, both
prism power and prism base direction are manifested. The power of the prism
depends on the amount of lens decentration and the refractive

the relationship further simpliyes to

D D cF
The equation D D cF is commonly known as Prentice&rule.

DECENTRATION OF CYLINDERS

Cylinders produce varying prismatic effects when decentered. These prismatic
effects depend not only on the

Figure 16-7. An oblique
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decentration of a sphere lens
produces prism in the same
meridian as the meridian of
decentration.

power of the cylinder but also on the orientation of the cylinder axis.

Decentration Along Major Meridians

If the axis of a plano cylinder is oriented in the direction of decentration, there will be
no prismatic effect induced regardless of the amount of decentration. This is because
there is no power in the axis meridian of a plano cylinder. If, however, the cylinder axis
is at right angles to the direction of decentration, the amount of prism induced varies
according to Prenticeb sule.

Decentration of Cylinders Oriented Obliquely When decentering a plano plus cylinder
or a plano minus cylinder, the resulting prismatic effect is always at rightangles to
the axis of the cylinder. In other words, if a plus cylinder with axis 90 is
decentered, the resulting axis. This means that one base direction is 120 D 90,
or210 degrees. The other is 120 D 90, or 30 degrees.

To solve a decentration problem for an oblique cylinder, one of the simplest
procedures represents a combination of graphical and algebraic methods. It also
helps to understand the concept of what is happening when an oblique cylinder

is decentered. And understanding conceptually what is happening is the most
important part.

Horizontal and Vertical Decentration of ObliqueCylinders

Prism induced by decentration of a cylinder lens both horizontally and vertically is
found in exactly the same manner as just described. Once the decentered point is
located, an axis line is drawn through it. Thereafter the procedure follows as
previously described.

DECENTRATION OF SPHEROCYLINDERS

An accurate solution for prismatic effects induced by a spherocylinder lens may be
found in several different ways:
1. Calculate for the sphere and cylinder separately and combine the results.
2. Transpose the prescription to crossed cylinder form. Each cylinder may then be
worked independently and the results combined.
3. Use higher mathematical computations.!
Perhaps the easiest way is to simply calculate the sphere and cylinder
independently. Then results from the sphere decentration and results from the
cylinder decentration can be combined for the ynal answer.

Decentration of Spherocylinders Usingan Approximation
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The optical laboratory needs to be able to move the optical center of a lens away
from the boxing center of a frame and over to a location in front of the eye. The
laboratory does this by grinding prism into the center ofthe lens. This moves the
optical center to another location. The amount of prism needed for grinding will
be the amount that should be found at the boxing center of the lens with the
optical center in front of the eye. The laboratory calculates the prism that should
be expected at the boxing center of the lens, then grinds that prism amount at
the boxing center. The optical center ends up where it is supposed to be.

There is an approximation method for ynding decentration prism that was
used in the optical laboratory for years. It has now been largely replaced since
decentration prism can be found more exactly with the aid of laboratory
computers. It is still used in some other instances. The approximation method
uses the concept of curvature in an oblique cylinder meridian.

Using the Sine-Squared Method to Approximate Prism for

Decentration

To use the sine-squared method to approximate prism for decentration, the

following steps are used?:

1. Find the needed decentration.

2. Find the i p or&vef the cylinder in the 180-degree meridian. This is done by
using the formula.

3. Add this reduced cylinder value to the sphere powerto ynd the total power in the
180-degree meridian.

4. Use the total power in the 180-degree meridian to ynd the prism needed to move
the OC. This can bedone using Prenticed sule.

DD cF
where

D D prism power
¢ D decentration in centimenters
F D the power of the lens in the 180 degreemeridian

5. Find the base direction of the prism.

Pitfalls of the Sine-Squared Method
For grinding prism for decentration with single-vision lenses in a surfacing
laboratory, the sine-squared method works well. There are two pitfalls, however,
that preventit from working every time with every type of lens.

The major pitfall is the failure of this method to take vertical prism into account.
Finding a horizontal prism amount by using the fpowe r 0 the 180-degree
meridian fails to account for the vertical component induced by an oblique
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cylinder. To see how this works, place a spherocylinder lens in a lensmeter at
an oblique axis. Focus the lensmeter and position the lens so that the illuminated
target passes through the center of the cross hairs in the lensmeter. Looking
through the focused lensmeter, move the lens left and right. Not only will the
illuminated target move left and right, but it will also move up and down. The
vertical movement is a result ofthe vertical prism caused by the oblique cylinder.
If this vertical prism is not factored into the surfacing process, the OC will be
higher or lower on the lens than expected. This can present problems in
multifocals.

The second pitfall of the sine-squared method is that the amount of horizontal
prism calculated will not exactly duplicate the amount of horizontal prism found
using one of the more accurate methods.

Ground-In Prism Versus Prism by Decentration As we have seen in the
previous sections, prism may becreated by the decentration of a powered lens.
Prism mayalso be created by grinding the surface of the lens at an

angle during the surfacing process.

There is no optical difference between prism created by decentration and
prism that has been ground in. Neither is superior nor inferior to the other. It may
be that it is possible to create a thinner prismatic lens by surfacing instead of by
decentering a ynished lens. That is an issue of lens blank thickness rather than
prism quality, however.

PRISM THICKNESS

Thickness Differences Between Prism Baseand Apex

A prism causes light to change direction. This is because light must pass through two
surfaces that are not parallel with one another. Because the surfaces are at an angle
toone another, the prism is thin at the top (apex) and thickat the bottom (base).
Prismatic power is determined by the angle the front and back surfaces make with
one another and by the refractive index of the material. Because lens surfaces of a
prism are angled, adding pre- scribed prism to a lens will cause a change in lens
thickness.

Knowing the thickness difference between the base and apex of a prism allows
the amount of prism to be found using the formula:

p p 1000Dn D1D
d

where

P D the amount of prism
g D the difference in thickness between the apex andthe base of the prism
n D the refractive index of the lens material, and

119



d D the distance between the apex and base of theprism

See Figure 16-15 and be sure to read the caption carefully.

a9~ d g~ 9>

A B C
Figure 16-15. When using the prism edge-thickness formula:

d

d is the distance between the two measured points,
and g is the thickness difference between the points
measured. The prismatic effect, P, is for that point
halfway between the two points measured. Note that
in (A) the dimension marked as g does not go the
full width of the prism base. The g dimension is the
width of the top of the prism subtracted from the
width of the bottom of the prism (i.e., the thickness
difference). For the plus lens (B) the prismatic effect
at the halfway point (marked with an arrow) is the
same as (A) even though the lens has a dioptric
power. This is because the thickness difference, g,
is the same. C, This lens is a minus lens. Even
though the lens has minus power, the same
thickness difference principle holds. The prismatic
effect at the point halfway between the measured
points is independent of the refractive power of the
lens. In these ygures, the measured points were the
tops and bottoms of the lenses. They would not have
to have been measured at the edges of the lenses,
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however. Thickness difference will determine the
prismatic effect halfway in between the two
measured points in the meridian of measurement,
regardless of where the points are measured. To
summarize: In A the prism amount is the same
across the entire lens, because the prism has only
prism power (D) and does not have refractive power
(D). In B and C where the lenses have refractive
power as well, the prismatic effect is calculated for
the halfway point, but will vary at other points across
the lens. The amount calculated is for the halfway-
between point only.

How Prescribed Prism Affects Lens Thickness If prism is present in a lens,
the lens center thickness willchange. Most of the time it is assumed that a lens
willbe thicker by one half of the prism thickness difference,

or ¥2 g when prism is present, regardless of how the prism base direction is
oriented. This simpliyes the problem, but it is not always true. The base direction
determines just how much the Rx (prescribed) prism will change the center or
edge thickness. How this works is summarizedin Box 16-1 and explained in the
following sections.

D 3D

Notice in this particular
circumstance, when the
index is near 1.5 and the
diameter is 50, that the
thickness difference is a
direct predictor of prism
amount.

Plus Lenses
A plus lens is normally decentered inward because of thewearerd ®D. After the lens
is in the frame, the thicker portion of the lens edge will be found nasally and the
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thinner portion temporally (Figure 16-16, A). Thismeans that if Rx prism is positioned
base inward, the thickest portion of the lens will become even thicker (Figure 16-16,
B). The thinner temporal portion though must retain the same minimum thickness.
Therefore the center thickness of the lens will increase by an amount equal to almost
half of the difference between base and apex thickness.

Base-Out Rx Prism If the Rx prism is base out, the thicker portion of the
prism is turned outward. This corresponds to the thinnest part of an inwardly
decentered plus lens. The net effect is a lens that is closer to the same thickness
both nasally and temporally. If the lens has sufycient center and nasal edge
thickness, it may be thinned by an amount up to the full prism thickness
difference g. Therefore a nasally decentered plus lens with base-out Rx prism
can be made thinner than itwould be without Rx prism (Figure 16-17).

Base-Up or Base-Down Rx Prism Small amounts of base-up or base-down
Rx prism will not affect the center thickness of the lens if the vertical (B)
dimension of the frame is small compared with the A dimension. However, for
prescriptions with larger amounts of prism or for frames with larger B
dimensions, center thickness will be affected. The amount of center thickness
increase

Minus Lenses

With minus lenses the amount of prism affects edge thickness. Base-out prism
increases the thickness of the temporal edge by an amount equal to the base
thicknessof the prism.

Center thickness will increase somewhat when base- out or base-in Rx prism
appears in minus lenses. The thinnest point on the lens moves from the major
reference point to the location of the displaced optical center, as shown in
Figure 16-18.

Figure 16-18. A, Here is a ynished but unedged lens with no decentration and no
prism. The major reference point (MRP) and optical center (OC) are at the same
location. B, This minus lens has prism. Simply adding extra thickness to a minus lens by
an amount equal to one half the pris nsapex-base thickness difference will cause the
lens to be unnecessarily thick. C, Thinning a minus lens with si g oantyprism back
to a normal minimum thickness at the MRP will cause the minus lens to be excessively
thin at the now displaced OC. The displaced OC will be at a location other than the
MRP.
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Sample Questions:

1. If alens having a power of D3.00 D is decentered 5 mm away from the center of
the eye, how much prismatic effect will this cause?

Solution

To ynd the prismatic effect, simply multiply the distance in power of the lens being
decentered. The prism base orientation depends on the direction of decentration and
whether the lens is positive or negative.

As noted before, a plus lens resembles two prisms placed base to base. Both
bases are at the center of the lens. Therefore for a plus lens, the base direction
created by decentration will correspond to the direction of the decentration. A
plus lens decentered down will result in prism with the base down (see Figure
16-2).

A minus lens resembles two prisms placed apex to apex. Both apices are
together at the center of the lens. Thus if a minus lens is decentered down, the
result will be prism with the base up, opposite to the direction of decentration
(see Figure 16-3).
centimeters that the lens has been displaced by the power of the lens. Since 5 mm
equals 0.5 cm,

Prism diopters D 0.5 D 3.00
DD1.5
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2.

If a D4.00 D spherical lens is decentered 5 mm upward, howmuch of a

prismatic effect is induced, and what is the baseorientation?

1M

¢ (in cm)

A RSt

A

Displacement
incm

&
f(in meters) _o4

|
1M

s

_

Displacement
incm

|

i
f (inmeters) oy

‘c (in cm)

| SR

C

Since

¥

and D
tand® ="
T (meter)

then

D=Z=cF

-0

Figure 16-4. A, When a lens is decentered, the
geometry of the displaced ray as it travels through
the lens focal point may be illustrated as shown. B,
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tandD D ¢
f

Because the deviated ray passes through the focal
point, degrees of deviation (d) may be found from
the two known parame- ters (f and c) by using the
relationship:

C, Once a value for d is known, it can be seen from
t h e reylgow prism value expressed in prism
diopters may be established. From this relationship,
Pr e nt iule mdyse derived as shown in the
boxed equation at the bottom left of the ygure.
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Solution
Pr e ntruleieusal to ynd the prismatic effect.

D D cF
In this instance
D D (0.5)(4.00) D 2.00

(Normally when using P r e n t rule, ¢hé absolute value ofthe lens power is used.
Plus and minus signs are ignored.) The decentration induces 2.00D of prism. Since
the lens is minus in power, the base direction is opposite to that of thedecentration.
Therefore the complete answer is 2.00D basedown.

3. A D6.50 D lens before the right eye is decentered 3 mm nasalward. What amount
of prism is induced, and what is the base orientation?

Solution
Pr e ntruleis dgain applied as follows:

DD cF
D D (0.3)(6.50) D 1.95.

The lens is plus so the base direction corresponds to the direction of decentration.
Since nasalward is inward, the base direction is in. This gives a ynal answer of 1.95D
base in.

4. A D4.00 D sphere lens is ordered for the right eye. The pre-scription also calls
for 2D of prism base out before the righteye. How should the lens be decentered to
obtain the correctamount of prism?

Solution

This time the missing parameters are the amount and direc-tion of decentration.
Amount is found by a simple algebraictransformation of Pren t i cuéed s

DDcF
b

An exceptionally large frame is chosen. The frame is so large that it will not allow
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the correct interpupillary distance (PD) unless an extra large lens blank is used.
Using conventional lens blanks will not allow enough decentration. A gap is
created temporally where there is not enough lens materialto yll the frame. If the
blanks were to be used anyway, thesituation would require an incorrect placement
of the lenses at a PD of 64 mm. How much prism would be induced and in what
direction if this wrong PD is used?

Solution

The problem is shown diagrammatically in Figure 16-5. If the lenses have their OCs
64 mm apart, each lens is erroneouslydecentered 2 mm outward from the line
of sight. It can be seen from the ygure that the induced prism is base in (oppo- site
the direction of decentration).

Pr e nt rule shdaws that:

D D (0.2)(5.00)
D 1D

The incorrect lens placement was done in order to avoid using large lens blanks.
However doing so would cause 1D base in of unwanted prism before each of
the two eyes.

Horizontal and Vertical Decentration of Spheres When a sphere lens is
decentered both horizontally and vertically, the most straightforward solution for
ynding the prismatic effect is to consider each component by

itself.

5. If a D3.50 D sphere is decentered 4 mm in and 5 mm down,what is the
resulting prismatic effect?

Solution

In this situation, the two decentrations may be handledindependently.
The horizontal decentration results in:

D D (0.4)(3.50) D 1.40
or 1.40D base in

The vertical decentration gives:
cD

Fy D D (0.5)(3.50) D 1.75

4.00
D 0.5cm
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Because the lens is plus, decentration must also be outward. The lens must be
decentered 5 mm out.

6. The following Rx is ordered:

OD: D5.00 D sphereOS: D5.00 D spherePD D 60
mm

or 1.75D base down

Figure 16-5. For a minus lens, a cross-sectional view suggests two prisms apex to
apex. By visualizing the movement of these two prisms before the eyes in
decentration, solving for base direction is considerably simpli y e d .

In most cases these results
may be left as is. If a single
compounded prism is

desired,0

7. A right lens of power
D7.00 D sphere is
decentered 3 mm out and
4 mm up. What are the
resulting horizontal and
vertical prismatic effects?

Solution

The horizontal component is:
A

D D (0.3)(7.00) D 2.10
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or 2.10D base in

This is
shown
in
Figure
16-6, A.
The
vertical
compon
ent is:

D D (0.4)(7.00) D 2.80
or 2.80D base down

Which is shown in Figure 16-6,

B. The combined decentra-tion
is shown in Figure 16-6, C.

Oblique Decentration of Spheres
When a sphere lens is decentered in an oblique direction, g

the resulting prismatic effect and base direction will also
be along the same meridian of decentration.

8. A right lens of power
D7.00 D sphere s
decentered 5 mmup and
out along the 127-degree
meridian. What is the
resulting prismatic effect
and base direction?

Solution
The prismatic effect for this lens decentration is:
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D D (0.5)(7.00) D 3.50 prism
diopters

The base direction for a minus lens is exactly opposite the direction of decentration.
Therefore the base direction is:

(127) D (180) D 307 degrees

So the resulting prismatic effect and base direction is 3.50D base 307 (Figure 16-7).
A 307-degree base direction is basedown and in for a right eye.

Notice that the previous two examples are really iden-tical. Decentering a lens 3
mm out and 4 mm up is the same thing as decentering that same lens 5 mm up and
out along the 127-degree meridian. If we split 3.50D base
307 into its vertical and horizontal components, we would ynd it to be 2.10D base in
and 2.80D base down. This is because a decentration of 3 mm out and 4 mm

C

Figure 16-6. A, The D7.00 D sphere lens has been decentered 3 mm out,
resulting in base-in prism. B, The D7.00 D sphere lens has been decentered 4
mm up, producing a base-down prismatic effect. C, The combined up and out
movements have produced prism base down and in. It may be expressed as two
prismatic effects or these two prismatic effects may be combined into one single
prism. up is the same decentration as 5 mm up and out along the 127-degree
meridian.
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Unit 7:
Fresnel Prisms and Len
Learning Objective:

At the end of this chapter, students will be able to learn:
1. Different types of prisms.
2. How to use different types and amount of prisms in different prescriptions.
3. What are Fresnel prisms, their uses and advantages over other prisms.

Normal lenses and prisms vary in thickness depending upon the power of the lens
or prismand upon the size of the lens or prism. This is

not the case with Fresnel lenses and prisms, since they are constructed differently.
Though not a replacement for normal lenses, Fresnel lenses and prisms are highly
versatile and are very useful in certain speciyc circumstances.

WHAT IS A FRESNEL PRISM?

A traditional prism has two pat, nonparallel surfaces. Parallel light entering the prism
is bent toward the base of the prism and leaves the back surface at an angle. A
prism is thicker at the base than at the apex.The larger the prism, the thicker the
base of the prism will be.

A Fresnel prism attempts to circumvent thickness by building a ftowe r ad small,
wide prisms. To understand how a Fresnel prism works, imagine cutting off the tops
of a large number of equally powered prisms and gluing them, one above the other,
onto a thin piece of plastic (Figure 17-1). Although a Fresnel prism is molded into
one pexible piece, its construction duplicates this imaginary example (Figure 17-2).
A Fresnel prism is only 1 mm thick.

What Are the Advantages of a Fresnel Prism? There are several advantages of a
Fresnel prism. First, itis very thin and extremely lightweight. It is fl exible and can be
applied to an existing spectacle lens, making it possible

to apply the lens in-house, without an in-house opticallaboratory.

Because the lens is made from a soft, pexible material, it can be cut to any shape
with scissors or a razor blade. This means that it can be cut and applied to one
sector of a lens. (Practical applications are explained later.)

Because conventional prisms have a large increase inthickness from apex to
base, a high-powered prism is troubled by magni y c adifferenoes and changes in
power across the lens. Although Fresnel lenses do not eliminate this problem, they
do reduce magnifi cation differences considerably.

What Are the Disadvantages ofa Fresnel Prism?
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Fresnel prisms look different than conventional lenses. They are different
enough that they may be noticed by others. Because Fresnels have a number
of small ledges,they are harder to clean than conventional lenses.

High-powered prisms will cause a slight decrease in visual acuity. Most of
this is due to the chromaticaberration and distortion associated with prisms. This
decreased acuity occurs in both conventional and Fresnel prisms. Fresnel prisms
also cause a slight loss of visual acuity caused by refl ections at the prism facets,
especially under certain sources of illumination. The minimal acuity decrease
through Fresnel prisms may be slightly less than a line on a Snellen chart at a
90% contrast level compared with acuity through conventional prisms.!

WHEN ARE FRESNEL PRISMS USED?

There are a variety of clinical applications for Fresnel prism. The following six
sections discuss major applications.

High Amounts of Prism

Because of its thickness advantage, Fresnel prism is especially useful for high
amounts of prism.

Use and Reuse

Fresnel prism lenses are easy to apply and remove. They may be used and
reused. This is helpful when determining how a given prism amount will work
long term orfor use during visual training.

Sectorial Application

A partially paralyzed extraocular muscle may result in a different amount of prism
needed for different directions of gaze. A Fresnel lens can be cut to yt that
particular lens area. Prism is present only where it is needed.

For Vertical Imbalance Correction

When a person may require a correction for vertical imbalance, Fresnel prism
can be applied to existing lenses to see if a vertical imbalance correction of a
certain amount will be helpful before it is actually ordered.
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A B
Figure 17-1. A, Fresnel prism is thin because it is really a series of prisms stacked
one on top of the other. The conceptof individual prisms attached to a thin piece of
plastic is shown. B, In actuality, the Fresnel prism in molded from one piece of
material.

For Horizontal Prism at Near

For a prescription with horizontal prism for near only, it is feasible to use Fresnel
prism applied to the lower portion of the lenses only. (For more on horizontal
prismat near, see Chapter 19.)

Visual Field Defects

With visual yeld defects, prism may be applied in one section of the lens with
the base direction in the direc- tion of the defect and the edge of the prism close
to the central visual area. This way the eye travels only a shortdistance before
it picks up the image through the prism. The image appears closer to the center
and can be seen without moving the head.

A person may have a visual yeld defect where the right half of the visual yeld is
blind for both right and left eyes. The defect is call homonymous hemianopia.
Fresnel lenses can be applied to the right side of both lenses. In this instance,
prism base direction would be base right. With prism in place, the wearer looks
to the right, but does not have to turn the eyes as far to see an object in the
right-hand yeld of view.
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If the defect is a constricted visual yeld down to 5 to 15 degrees of viewing
area, prism from 20 to 30 prism diopters could be placed base out on the
temporal sides of the lenses and base in on the nasal sides.?

Homonymous Hemianopia Application

To measure for correct placement of a prism on one half of the spectacle lens in
the case of homonymous hemi- anopia, the spectacles, properly adjusted,
should be on the subj e cfacé.sThe subject looks into the viewing eye of the
practitioner. The eye with the visual yeld loss nasally is occluded, usually with a
cover paddle. A near- point card or other straight edge is brought in from the
temporal, nonseeing side. When the subject yrst reports seeing the card, the
location of the card is marked on thelens with a vertical line (Figure 17-3, A).
The edge of the prism is placed 3 to 5 mm temporalward from this position
(Figure 17-3, B).2 The amount of prism may vary. Though others have used
Fresnel prism, Lee and Perez used 12 prism diopters of sectorial prism,* but not
Fresnel prism, maintaining that Fresnel prism reduced acuity too much.

In the past sectorially applied prism for homonymous hemianopia has been
placed on each eye in the blind area. Many practitioners are using only a single
sectorially applied prism on the eye with the temporal yeld defect.

Figure  17-2. A Fresnel lens has a series of slightly visible
lines

on the surface. These lines are really ledges that indicate the location of the base of
the prism. The base direction is at right angles to the direction of the visible lines.

*Slab-off prism may be ground vertically instead of horizontally as is normally
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done for the correction of vertical imbalance. There are other types of low-vision
prism options available.

3to 5 mm

—| |~—

Gog
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Figure 17-3. A, To position a Fresnel prism for homonymous hemianopia, occlude
the eye with the nasal yeld loss. On the eye with the temporal yeld loss, move the
card from the temporal side until the person yrst sees the card. Mark the posi- tion
of the card. (Marks are shown in red.) B, Measure back 3 to 5 mm from this point to
ynd the location of the apical edge of the prism and apply the prism to the temporal
portion ofthe lens.

Eli P e |l HighsPowered Prism Segment
Another method of sectorial application of prism for helping the person with
homonymous hemianopia places high-powered (30 to 40 D) prism in certain segment
areas of the lens Two prism segment areas, with their base-apex axis in the
horizontal position, are placed on the lens prescribed for the eye with the visual yeld
loss. The upper one is placed above the pupil in alignment with the upper limbus and
the lower one below the pupilin alignment with the lower limbus (Figure 17-4). These
prisms are placed base out and create diplopia in that eye. Objects seen through the
segment areas are shifted fromthe nonseeing to the seeing part of the visual yeld.
With adaptation the individual is able to visualize the parts ofthe objects viewed
through the prism in the areas where they would normally be located, expanding the
visual yeld area by up to 20 degrees.

Such prisms may be constructed as a prism segment within the carrier spectacle
lenses. The yrst trials are done with Fresnel prisms cut to the expected dimensions of
the ynished prism segment areas.

Slowing of Nystagmus

Nystagmus is a condition characterized by a constant back and forth movement
of the eyes. Such movement isinvoluntary and reduces vision. In some cases
nystagmus may slow when the person looks to one side or the other. For
example, if the examiner sees that movement slows when the person looks to
the right, equal amounts of prism may be applied to both lenses. The correct
base direction would be base left. Because the eyes turn toward the apex, prism
base left will keep the head pointed straight while the eyes turn to the right.
Since the eyes are turned to the right, nystagmus slows. For a summary of
Fresnel prism uses, see Table 17-1.

WHAT IS A FRESNEL LENS?

Chapter 12 explained how a lens works. Figure 12-20 presented the concept of
how a plus lens is like a series of prisms, each more powerful than the one
before. The front and back surfaces at the optical center (OC) of a lens are pat.
But as the distance from the OC increases, the lens surface becomes more
angled.

A Fresnel lens is similar to a series of concentric prisms, each with a slightly
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higher prismatic effect (Figure 17-5). When the concentric surfaces are angled
correctly, a plus or minus sphere of any desired power may be created.
Advantages and disadvantages of Fresnel lenses parallel those of Fresnel
prisms.

When Are Fresnel Lenses Used?

Nonspectacle Uses
Fresnel lenses are not just used for spectacles. A common application may be
found when looking through the writing surface of an overhead projector. (Adjust
thefocus to be slightly off and see the concentric rings ofthe lens projected
on the screen.)

Large minus Fresnel lenses are sometimes applied to a window to create a
wider yeld of view, or are used for the warning beams of seaside lighthouses so
that the illumination projected from the source within the build-ing is increased
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Use Comments

High prism amounts Keeps lens thin
Temporary prism The practitioner can get an idea of how
the prism will work before orderinglt is
possible to change prism amount
without remaking glasses
Sectorial application of prism for palsied Can apply to
half the lens or to any portion of the lensmuscle
Visual yeld defects such as homonymous Place the
sectorially applied prism in the blind area hemianopia
Orient the prism base
toward the blind area
Prism in bifocal portion only Can be horizontal and/or vertical prism
Cosmetic improvement of blind, turning Use inverse prism
(e.g., if the eye turns out, give base out prism)eye
Treatment of nystagmus Used yoked prism to reduce eye movement (e.g.,
both base left or both base right)
For those who cannot sit up in bed Use yoked base-down prism of 15D30D
(Note: There are also frecumbent spectacle s 0
that are specially made for these purposes)
Use as a partial occluder Place prescribed prism over the nonamblyopic
eye as Fresnel prism to slightly
decrease acuity
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Figure 17-5. The Fresnel lens shown here is in the original container, but has been
turned around so that the rings willbe more readily apparent. When worn, the rings
will be much less visible than their appearance in the photograph because they will
be on the back surface of the Fresnel lens, and the Fresnel lens will be on the back
surface of the carrier spectacle lens.

Short-Term Wear

Clinically, Fresnel lenses are useful on a temporary basis, such as during vision
training or frequent changes in refraction that may result from unstabilized
diabetes or certain postsurgical situations.

Creating Adds
Fresnel lenses can also be applied to one portion of the spectacle lens. High
add powers can be created for low-vision or occupational purposes.

Fresnel lenses are available as precut pat-top bifocal segments in powers
ranging from D1.00 D to D6.00 D. These segments will also work well in the
dispensary to give a realistic simulation of bifocal heights (see Chapter5, Figure
5-22).

Fresnel lenses or lens segments can be used to create special occupational
lenses. For example, if a person hasa need for a double D occupational lens,
the currentbifocal or progressive add lens can be converted to an occupational
lens using an upside-down Fresnel bifocal segment at the top. If Fresnel
segments are placed on a pair of single-vision sunglasses, it changes them into
prescription bifocals.

For a summary of Fresnel lens uses, see Table 17-2.
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Use

Comments

To create a thin lens
power
Temporary lenses

Underwater  diving

masks,

Fresnel lenses are always thin, regardless of lens

Fresnel lenses can be especially handy
during visual training or for unstabilized
diabetes when lens powers may need to
be changed frequently
swimming

Application

to optical surfaces is easygoggles, etc.

Sectorial applications

Plus lenses of normal or high powers can be used

as a multifocal add; this add can be

Trial bifocals

used temporarily or permanently for certain
unusual occupational needs or for low- vision
needs

Available in powers from D1.00 to D6.00 D

Used for accurate determination of bifocal height,
for temporary wear, or for making prescription
sunglasses into multifocals
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Sample Questions:

1. How can nystagmus be slow down with the help of special lenses?

Nystagmus is a condition characterized by a constant back and forth movement
of the eyes. Such movement isinvoluntary and reduces vision. In some cases
nystagmus may slow when the person looks to one side or the other. For
example, if the examiner sees that movement slows when the person looks to
the right, equal amounts of prism may be applied to both lenses. The correct
base direction would be base left. Because the eyes turn toward the apex, prism
base left will keep the head pointed straight while the eyes turn to the right.
Since the eyes are turned to the right, nystagmus slows. For a summary of
Fresnel prism uses, see Table 17-1.

2. When Are Fresnel Lenses Used?

Nonspectacle Uses
Fresnel lenses are not just used for spectacles. A common application may be
found when looking through the writing surface of an overhead projector. (Adjust
thefocus to be slightly off and see the concentric rings ofthe lens projected
on the screen.)

Large minus Fresnel lenses are sometimes applied to a window to create a
wider yeld of view, or are used for the warning beams of seaside lighthouses so
that the illumination projected from the source within the building is increased.
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3. How to Apply a Fresnel Lens or Prism to a Spectacle Lens?
Fresnel prisms and lenses are applied using the followingsteps:

1

For lenses, mark the desired position of the lens OCon the front of the
carrier lens. (The carrier lens is the spectacle lens already in the eyeglass
frame.)

For prisms determine correct base direction. (Inthe presence of horizontal
and vertical prism, determine what single prism amount and base
direction will result from the combination of thetwo prisms.)

2. Take the carrier lens out of the spectacle frame.

. Place the Fresnel lens or prism on the back of the carrier lens with its smooth

side against the carrier.Be sure the OC or base direction is properly oriented.

. With a razor blade, trim the Fresnel lens or prism push with the beveled edge

of the carrier lens. (It isalso possible to use sharp, high-quality scissors.)

5. Remove the Fresnel lens or prism and reinsert the carrier lens into the frame.
6. Wash both carrier and Fresnel lens with a weaksolution of lotion-free, liquid

detergent.

. In a bowl of warm water, or under a stream of warmwater, apply the smooth side

of the Fresnel to the carrier. Work out any air bubbles that may be trapped
between the two surfaces.

. Give the lenses to the wearer, but instruct the wearer to handle with care for 24

hours until dryingis complete.
It is possible to substitute rubbing alcohol for water when applying Fresnel lenses

and prisms. The lens is said to adhere faster, the bubbles slide out easier, evaporation
is faster, and the lens can be dispensed sooner without fear that the Fresnel prism
will slide out of place.®
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Unit 8:
Len an
Learning Objective:

At the end of this chapter, students will be able to learn:
1. What are different types of lens design.
2. Relationship of lens design with aberrations.
3. Lens designs for high ©plus lenses and high minus lenses.

A well-designed lens has excellent optics both through the center and the periphery
of the lens.

In addition, the lens should be as attractive as possible and easy to wear. This chapter
attempts to bring understanding in what to look for in a lens and how to make an
appropriate choice of lens design.

A _SHORT HISTORY OF LENS DEVELOPMENT

Lenses have gone through several stages of development. To quickly summarize, here
are some general categories and time lines.! These describe not the theoretical
development of the lens, but when these lenses were introduced and available.

1. A F | lansed (1200 to 1800): Actually the word fpa tisdodeceiving, since neither
side of the lens was pat. Instead the lens was bean shaped, like a lentild the
bean that resembles the shape of a lens. The lenses worked well for central
vision, but vision was poor
through the edges.

2. Periscopic lenses (1800s): An improvement in peripheral vision occurred
when a D1.25 D backsurface was used.

3. Six-base meniscus lenses (Beginning in the 1890s): These lenses improved vision

in several ways. The quality of peripheral vision increased markedly.
The lenses could also be yt closer to the eye becausethe vault of the lens cleared
the lashes. Six-base lenses were still used up until the 1960s. During the 1950s
and 1960s, the use of six-base lenses moved almost entirely to places that were
known for low- end pricing. Eventually, companies simply stopped producing
these types of lenses.?

4. Corrected curve lenses (early 1900s): In 1908 the CarlZeiss Company introduced
Punktal lenses that corrected for oblique astigmatism found in the lens periphery.
These lenses required a very large number of base curves and became
available in the United States in 1913. In 1919 American Optical introduced a
corrected curve series of lenses that also corrected for oblique astigmatism, but,
unlike the earlier Punktal lenses with a large number of required base curves,
the AO lenses were designed with base curves that changed in 1 or 2 diopter

144



intervals. This made stocking semiynished lenses much more practical. In the
1960s there was a transition time while single vision lenses were being converted
from plus cylinder form (with the toric surface on the front) to minus cylinder form

to match the back surface torics that were already being used for multifocals.

5. Aspherics: Aspherics have been available for very high plus fcatara ¢ stge
corrections beginning inthe early part of the twentieth century. They have
been available in lower powered plus and minus single vision lens form
during the latter part of the twentieth century, but only began to enjoy more
widespread use as higher index plastic lens materialsbecame available.

6. Atorics: Atorics are rapidly replacing aspheric lens series for new lines of
single vision ynished lenses. However, atorics are generally not available in
multifocal lenses. The exceptions to this are those progressive lenses that
are individually designed and custom produced by free-form generating
techniques.

LENS ABERRATIONS

To understand the developments and characteristics of these lens designs, it is
necessary to understand what problems the designer is attempting to prevent.
Such problems, which cause lenses to deliver less than a perfect image, are known
as aberrations.

When light from a point source goes through a correctly powered spectacle
lens yet fails to create a perfectimage, the cause is lens aberration. There are
several typesof lens aberrations that can contribute to an imperfect image. These
aberrations can be grouped into two major types: chromatic aberration and
monochromatic aberration.

Chromatic aberration is color related. It causes animage to have a colored
fringe. Monochromatic aberration occurs when the light source contains only
one wavelength (one color).

Chromatic Aberration
There are two manifestations of chromatic aberration. One is called

longitudinal chromatic aberration.

(Red ray) (Blue Ray)

(Blue Ray) .

Lateral chromatic aberration Red
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image

Longitudinal chromatic aberration

Figure 18-1. Chromatic aberration has two aspects.
One is longitudinal chromatic aberra- tion. This
means that light of different wavelengths will focus
at different focal distances from the lens. The other
aspect is lateral chromatic aberration. Lateral
chromatic aberration is shown here and in Figure
18-2.

Longitudinal chromatic aberration occurs when a point light source that is composed
of several wavelengths (e.g., white light) forms a series of point images along the
optical axis. Each of these images is of a different color, and each has a slightly
different focal length.

The second manifestation of chromatic aberration is called lateral chromatic
aberration. This type of chromatic aberration will produce images of slightly different
sizesat the focal length of the lens, depending on the color of the light.

Longitudinal (Axial) Chromatic Aberration

Since each color or wavelength undergoes a slightly dif- ferent degree of refraction at
the same surface curvature, longitudinal chromatic aberration results in a series of
foci spread out along the optic axis (Figure 18-1). Thus longitudinal chromatic
aberration can be expressed as the dioptric difference between two extremesd blue
light (Fr ) and red light (Fc). Written as a formula, longitudinal chromatic aberration
is:

longitudinal chromatic aberration D Fe D Fc

Longitudinal chromatic aberration is not directly related to prismatic effect.
Therefore plano prisms do not have longitudinal chromatic aberration.

Normally, we think of glass or plastic lens material ashaving one s p e cindgxcof
refraction (n). In actuality lens material has a slightly different index of refraction for
each wavelength. The index of refraction we memo- rize for a given lens material is
really the index of refrac-tion for yellow light. Lens materials that are relatively free
of chromatic aberration have indices of refraction that are nearly the same for each
wavelength. Materials that have a lot of chromatic aberration, such as the glass for
crystal chandeliers, have indices of refraction that

Where

F D the power of the lens,

n D the refractive index of the lens (for yellow light),and
R D the curvature of the lens.
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(NOTE: R D R1 D Rz, where R1 D the curvature of theyrst lens surface and Rz

D the curvature of the second lens surface.)
This means that since:

longitudinal chromatic aberration D FED Fc

TABLE 18-1

Abbé Values for Some Representative Lens

Materials

Lens Materi al Index Value
Crown Glass 1.523 58
CR 39 Plastic 1.498 58
Corning Photogray Extra (Glass) 1.523 57
Trivex (plastic) 1.532 43-45
Spedralite (plastic) 1.537 a7
Caning 1.6 index PGX (glass) 1.600

Esslor Thin-n-Lite (plastic) 1.74 33
Esslor Stylis (plastic) 1.67 32
Schott High-Lite Gass 1.701 31
Polycarbonate 1.586 30

longitudinal chromatic aberration D m F

D

The quantity

nfF DnC
np D1
npD1

is useful for quantifying chromatic aberration of a given material. It is called the
dispersive power. Dispersive poweris abbreviated as the Greek letter omega, or D.
This means that longitudinal chromatic aberration can be written as:

longitudinal chromatic aberration D Fp

The Abbé Value

Because the value for dispersive power ends up as a decimal value, working with
it can be unwieldy. It is the longitudinal chromatic aberration for this lens in both

crown glass and polycarbonate.

Lateral (or Transverse) Chromatic Aberration andi Ctomatic Power 0
Lateral chromatic aberration is expressed either as differences in image

mag n ¢atjon or differences in prismatic effect.
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Magni yation Differences With refractive lenses, lateral chromatic aberration
is thought of in terms of magnifi cation differences. A magn ication difference is the
difference in size between the images formed by two different wavelengths,
such as red and blue (see Figure 18-1).

Differences in Prismatic Effect When quan t i %yepdsmatic effect, the lateral

chromatic aberration of a prism is the difference in prismatic effect for light of
two different wavelengths (Figure 18-2). As a formula this would be expressed:
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White light
Prismatic effect
or red light } rismatic effe

Figure 18-2. Lateral chromatic aberration occurs
when a prism bends light of two different
wavelengths by different amounts.

lateral chromatic aberration D (prismatic effect

FDFDE

for blue light) D (prismatic effect for red light)

Solution

For a prism, lateral chromatic aberration is the prism amount(D) divided by the Abbé
value (D).

lateral chromatic aberration D D

D

For a certain point on a lens, to ynd the lateral chromatic aberration, we need to
know the prismatic affect at that particular point. For a lens with power, the prismatic
effectis the power of the lens times the distance of the decentered point from the optical
center, or D D dF. This makes the lateral chromatic aberration equal to:

lateral chromatic aberration D dE
D

For a point 8 mm from the center of a polycarbonate lens, the lateral chromatic
aberration is:

lateral chromatic aberration D-22-82D6D.

¢ polycarbsg
D 0.16D
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For the same point on a crown glass lens, the lateral chro- matic aberration is:

When Does Chromatic Aberration Reduce Visual Acuity? Suppose a
person is wearing a pair of prescrip- tion spectacle lenses and is looking at an
object directly through the OCs. When the wearer looks through the OCs, there
is no prismatic effect and thus no chromatic power.

As the wearer looks to the right or left, the pris- matic effect of the lenses
increases. So does the chromatic power. The more the chromatic power (lateral
chromatic aberration) increases, the more the image blurs. There is more
prismatic effect in the periph- ery of a high-powered lens than in the periphery of
a low-powered one. So peripheral visual acuity drops off faster for high-powered
lenses than it does for low- powered ones.

The higher the chromatic aberration, the lower the Abbé value. The lower the
Abbé value, the faster the reduction in relative visual acuity peripherally. (This
is shown in Figure 18-3.)2

Fortunately, the peripheral areas of a lens are seldom used for intensive
viewing during normal spec- tacle lens wear. Instead, if something needs to be
seen clearly, the head is turned. Otherwise, lens materials with low Abbé values
would not be as well tolerated as they are.
lateral chromatic aberrationDcrown glassD
D D0.8DD6D

58
D 0.08D
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To reduce the possibility of chromatic aberration becoming troublesome, the
dispensing factors shown in Box 18-1 should be considered.

BOX 18-1

Importan t Dispensing Factors for Lenses With
Low Abbé Values (Polycarbonate and Some High-
Index Materials)

1.
2.

Use monocular interpupill ary distances.
Measure major reference point heights, considering
pantoscopic angle (see Chapter 5).

3. Use shorter verte x distances.
4. Have suffi cient pantoscopic angle, but not more than ] ]
10 degrees for high lens powers. Figure 18-4. An achromatic
5. Give attention to comparative edge thicknesses (OCs ;
that are too high above the horizontal midline of the Igns IS construpted from tv_vo
edged lens will cause large differences in top and different materials, each with
bottom edge thic knesses). a different refractive index
chosen to counteract the
effects of chromatic
aberration. Achromatic

lenses are not used in
normal spectacle lenses.

The Monochromatic Aberrations

Aberrations can occur in a lens even when the light entering the lens is only one color.
These aberrations, called monochromatic aberrations may be more trouble- some for
cameras or optical systems than for prescrip- tion ophthalmic lenses, but are still of
de wite concern when designing a spectacle lens and evaluating visual performance.

Seidel Aberrations
When rays of light pass through a lens, we expect them to focus at one predictable
location. When those rays are paraxial (or central) rays, we can predict the location
of focus using the fundamental paraxial equation:*

FDLDT L
which, written another way is:

LDDLDF
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The fundamental paraxial equation is derived from Snell d&laav on the basis of an
assumption. The assumption is that for small angles (measured in radians instead of
degrees) sinD D D. However, a still more accu- rate approximation for sinD is a
polynomial series expan- sion given as:

D3 D2 DY

of approximation. This third order approximation is used as a basis of
comparison when determining the quality of how well a given wave front of light
is able to come to a proper focus after passing through a lens, a lens surface or
a lens system. In the process of passing through a lens, the wave front may lose
some of its spherical shape. This reveals aberration and a resulting imperfect
focus.

Using third order terms, Seidel clas s edyaberrations into 5 categories. The 5
are interrelated. Making a lens change to reduce the amount of one aberration can
affect the magnitude of other aberrations. These 5 aberrations have become
known as the Seidel or 3" order aberrations. (There are other aberrations that will
occur when using higher order approximations such as 5" or 7" order.) The 5
Seidel aberrations are spherical aberration, coma, oblique (radial or marginal)
astigmatism, curvature of fi eld (power error), and distortion. These will be
described shortly.

One of the drawbacks of expressing aberration as Seidel aberrations is that all
lens surfaces are assumed to be spherical. To better describe aberration for
surfaces that may not be spherical, such as the refracting surfacesof the eye, a
different system works better.

Classifying Aberrations Using Zernike Polynomials There are other systems
for classifying how a given wave front deviates from a perfect sphere when
leaving a refracting surface, a lens, or a refracting system. One system that
describes aberrations of the human eye uses Zernike polynomials. The use of
Zernike polynomials isa more complete representation of the aberrations that
could be present in a lens or eye. Furthermore it doesnot assume spherical
surfaces, which Seidel aberrationsdo. The Zernike system has gained visibility
because ofan ever increasing interest in aberrations within the human eye. This
interest is driven by several factors,including
1. A desire to see into the eye clearly to detect disease-driven changes. The
aberrations of the eye degrade the view of retinal elements within the eye.
Correcting these aberrations will allow earlier diagnosis of ocular
disease.
2. The challenge of refractive surgery. Unfortunately
aberrations of the eye are often increased because of
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snDDDD D DD...
31 51 7!
The yrst term represents the paraxial approximationsin D D D. If we use both the
15t and 2" terms of this equation we are using third order terms for sin D. In other

3
words, instead of saying sin D D D, we say that sinD D D D D (again measured
in radians instead of
3!
degrees). This substitution gives us the next higher order

*See the section in Chapter 14 called i Bduced Thickness andRefractive Inde x .
refractive surgery. Ideally one would want to not only correct sphere and
cylinder refractive errors, but also reduce other aberrations so as to
enhancevisual performance.

3. A desire to measure ocular aberrations so that they might be corrected. If
ocular aberrations can be measured, the next logical step is to ygure out a
wayto correct them. Options will include not only refractive surgery, but also
contact lenses or other methods.

As stated earlier, the use of Zernike polynomials hasbecome a popular system

to describe and measure ocular monochromatic aberrations. Zernike polynomials

use a

Spherically aberratedfocal points
for peripheral rays

Focal pointfor
central (paraxial) rays

Figure 18-5. This exaggerated depiction shows that
when spherical aberration is present, the closer to the
edge of the lens the rays are, the shorter their focal
length will be. The peripheral rays have an
increasingly shorter focal length than the central
(paraxial) rays. (This particular form of spherical
aberration is positive spherical aberration. There is
a form of spherical aberration called negative
spherical aberration where the peripheral rays have
a longer focal length than the central rays.)
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numbered term that describes a geometric shape for theaberration. These terms are
grouped into orders. (These orders are not the same as those described in the previ-
ous section on Seidel aberrations, although some Zernike terms are similar to certain
Seidel terms.) Here are how the Zernike orders describe some of the commonly
known aberrations related to the eye.l®

Order Aberration
1st Prism
2nd Defocus and astigmatism
(Defocus includes spherical refractive error such as myopia and
hyperopia)
3rd Coma and trefoil
4t Spherical aberration and other modes5™" to 10"  Higher order

irregular aberrations

According to the orders within this ¢ | a s doin,ysecantl order aberrations are errors
which are corrected by the written ophthalmic eyeglass prescription. These
fi berrations df the human eye are corrected using sphere and cylinder lenses.
Those aberrations cla s s i §se3t order and up are referred to as higher order
aberrations.

The Five Seidel Aberrations

Spherical Aberration

Spherical aberration is a Seidel aberration that occurs when parallel light from an

object enters a large area of a spherical lens surface (Figure 18-5). When spherical

aberration is present, peripheral rays focus at different points on the optic axis than

do paraxial rays. (Peripheral rays are those that enter the lens nearer the edge than

the center. Paraxial rays are those that pass through the central area of the lens.)
Spherical aberration occurs when the object point is on the optical axis of the
system. All of the other Seidel aberrations occur when the object point is off the
optic axis.

Because the pupil of the eye limits the number of rays entering the eye for any

given direction of gaze, spherical aberration is not a large problem in ophthalmic

lenses.
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Coma

The second Seidel aberration is coma. When the object point is off the axis of
the lens, there is a difference in mag n i yoo fortrays passing through different
zonesof the lens. (Zones could be considered to be imaginary doughnut-shaped
rings on the lens, each having a longerradius.) The focal areas of the peripheral
fi an e di@ ina different location than those of the more central rays. Instead of
forming a single point image off the optic axis, the image appears comet or ice
cream cone shaped. The point of the cone points toward the optic axis. This
aber-ration is known as coma (Figure 18-6).

Oblique Astigmatism

Oblique astigmatism is another Seidel aberration that occurs when rays from an
off-axis point pass through the spectacle lens. When a small bundle of light strikes
the spherical surface of a lens from an angle, oblique astig- matism causes the
light to focus as two line images, known as the tangential and sagittal images,
instead of asingle point (Figure 18-7). It is as if the light were passing through an
astigmatic lens, rather than a spherical lens.

The distance between the two line foci that occurs in oblique astigmatism is
called the astigmatic difference. When expressed in diopters, this difference is
called the oblique astigmatic error. Oblique astigmatic error is a measure of
oblique astigmatism.

Oblique astigmatism is troublesome for the spectacle lens wearer and must
be taken into consideration when designing spectacle lenses. Oblique
astigmatism may be reduced b y  ipqtlde optimum base curve for a given lens
power. There is a graph that shows the best lens form(s) for eliminating oblique
astigmatism at a particu- lar off-axis viewing angle. This graph is in the shape of
an ellipse and is called Tscherning 6eflipse (Figure 18-8). The size of the ellipse
may vary, depending on the

\

Figure 18-6. Coma is an aberration that causes light from peripheral areas of the
lens to be focused farther from the true image point than it should be. Because light
farther in the periphery is displaced increasingly farther from the point focus, the
image is distorted in cometlike fashion as shown. The drawing is simpliyed to show
the way the image is created. In actuality there are unlimited frirclesoof blur that blend

together in a pared appearance like the tail of a comet.

viewing distance and angle the lens designer uses when trying to reduce
oblique astigmatism.
There are two synonyms for oblique astigmatism. These are radial astigmatism

155



and marginal astigmatism.

The Effects of Tilting Lenses

Oblique astigmatism is also manifested when lenses are tilted in front of the eye.
This happens because the optic axis of the lens tilts with the lens. The object of
regard, which used to be on the optic axis of the lens, now becomes an off-axis
object or point. Because the lens is angled in reference to the object of regard,
oblique astig- matism will affect the image of that point. Before the tilt, the
object, located on the optic axis, formed a single- point image based on the
actual spherical power of the lens. With tilt the image is now formed as if it
wererefracted through a new sphere and cylinder.

The new sphere and cylinder powers manifested through the fold dilted lens
can be determined by yrst ynding the effective powers in the sagittal and tangential
meridians of the lens.? It turns out that the sagittal

-
—

o Tangenia T
N

-
-

Tangential

-
-
-
-
-
=
z
=

=
—
-
-
-

Off-axis object point

-

-
-
-
-
-
-
-
-
-
-
-
-

Figure 18-7. Obligue astigmatism is caused because light strikinig
the lens in the tangential plane focuses at one line focus, whereas
light striking the lens in the sagittal plane focuses at another line
focus. (The tangential plane of the lens is the plane that intersects
the optic axis and the off-axis object point. The sagittal plane is
90 degrees away from the tangential plane.)
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Figure 18-8. A Tscherningd ®llipse graphically shows the base curves needed to
correct for oblique astigmatism. There is a different ellipse for each viewing distance.
(From Keating MP: Geometric, physical and visual optics. Boston, 1988,
Butterworth-Heinemann.)

meridian coincides with the axis of lens tilt. For a pantoscopic tilt, the axis of tilt is
along the horizontal or 180-degree meridian, and so the horizontal meridian is the
sagittal meridian. For a face-form tilt, the axis of tilt is along the vertical or 90-degree
meridian, and so the vertical meridian is the sagittal meridian. (The tangen- tial
meridian is perpendicular to the sagittal meridian,as shown in Figure 18-7.)

The effective power in the sagittal meridian is:

D sin?DD

where

F D the power of the lens being tilted (i.e., the i odemk) and
D D the angle of tilt.

The sign (D or D) of the induced cylinder is the same as the sign of the tilted
lens. The axis of the induced cylinder is the same as the axis of tilt. Finding the
induced cylinder with this equation is not as accurate asynding the difference
between tangential and sagittal powers.

Wrap-Around Prescription Lenses Wrap-around prescription eyewear
presents unigue optical problems that can require compensating power changes
in lens powers to keep the optical effect of the prescription as intended. Here
are some examples of what can happen optically to a prescription placed in a
wrap-around frame.
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Tilting of Spherocylinders When tilted, a spherocy- lindrical lens also has induced
power changes. For either pantoscopic or face-form tilt of a spherocylinder lens with
axis 90 or 180, the tilted spherocylindrical lens acts similar to a spherocylinder with a
new sphere power anda new cylinder power. The principal meridians of the fol d(ar
untilted) lens are horizontal and vertical. The lens power chosen to calculate the
effective sagittal power (Fs) is the power of the spherocylinder in the sagittal meridian.
The lens power chosen to calculate the effective tangential power (Ft) is the power
of the spherocylinder in the tangential meridian.

After calculating the new powers, one can then put them on a horizontal and vertical
power cross and from it determine the new (or effective) spherocylindrical parameters
(sphere, cylinder, and axis) in the usual manner.

For pantoscopic or face-form tilt of a spherocylindri- cal lens with an oblique axis, there
is an effective changein cylinder axis and an effective change in the sphere and cylinder
powers. Here the computations are more com- plicated and require resultant
calculations combining obliquely crossed cylinders. It is also feasible to work
backwards as we did above to ng what prescription must be placed in a wrap-around
frame to prevent unwanted

\‘\\ / D Deviation
N >
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q

Figure 18-9. Lens tilt will cause a slight amount of prismatic effect. The amount
of prism deviation is equal to
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D D 100tanD LF .

power changes. For an explanation of how this may be n
done, see Keating MP: Geometric, Physical, and Visual
Optics.

Induced Prism with Wrap-Around Eyewear There are also induced prismatic
effects associated with tiltinglenses. To see how this works, take a lens prescription
and center the optics in a lensmeter with the prescription correctly neutralized. Then tilt
the prescription to simuate a wrap-around effect. The prism that appears is a result
of that lens tilt.

This prismatic effect depends on the angle of tilt, the steepness of the base curve,
the index of the material, and the thickness of the lens. It is predictable using the
equation

D D 100tanD L F
01

Where

D D the prism induced

D D the angle of tilt

t D the thickness of the lens at the reference pointin meters
n D lens refractive index

F1 D the front curve of the lens

Notice that the refractive power of the lens does not enter into this equation for
prismatic effect, only front curve lens power.

The base direction of the prism induced is deter- mined by the angle at which the
light enters the lens. If

In this ygure D is the angle between the optic axis and the incoming central
ray.the light enters the lens from above the optic axis, the orientation of the prism
will be base down. If the light enters the lens from the left of the lens, then the
base of the induced prism is to the right.

For lenses with pantoscopic tilt, the bottom of the lens is tilted in toward the
face. Light coming from straight ahead strikes the lens as if it were entering from
above. Therefore the prism induced is base down. Since the induced prism is
base down for both right and left lenses, there is a net prismatic effect of zero.
Both lenses cause the image to move up by basically the same amount so no
compensation would be required.

For wrap-around lenses, the right lens is tilted such that light coming into the
lens from in front of the wearer is striking the lens as if it were coming from the
left (Figure 18-9). Therefore the prism base direction is base right. For the right
eye, base right is the same as base out. For the left eye, the base direction will
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be base left, which is also base out. With both eyes having base out prism, the
eyes must turn slightly inward to retain a single image of the object viewed. To
compensate for induced base out prism, base-in prism would need to be used.
This is true even for wrap-around lenses that have no power when made with a
curved lens. However, if thefront of the lens is pat, then the prismatic effect
dropsto zero.

Intentionally Tilting a Lens to Prevent Problems Earlier lens tilt examples
present situations where the wearer Gngerpupillary distance and the frame A D DBL
dimensions are the same. In other words, there is nonecessity for decentration.
Yet most prescriptions dorequire at least a small amount of decentration inward
since the weare r OPD is generally smaller than the framedé sA D DBL
measurements.

If a prescription does require some decentration inward, then the frame front should
have a certain amount of face form. A lens with decentration inward and no face form
will end up having tilt at the optical center. This is explained in more detail in
Chapter 5. (Note especially Figures 5-2, 5-3, and 5-4.) Decentration that is com-
pensated for with a certain amount of face form will actually prevent the decentered
lens from being tilted at the OC. However, adding more face form than the needed
amount will end up causing those unintended sphere and cylinder power errors that
have been just described.

Curvature of Field (Power Error)

If a designer makes a lens that is completely free of oblique astigmatism, there will
still be another aberra- tion the wearer encounters when looking through the
periphery of the lens. This fourth of S e i d yvé a@ber- rations is called curvature of
field or power error. Power

sphere is curved because the eye turns to see objects toward the periphery of

the lens.) Instead it focuses on the Petzval surface. The Petzval surface is
formed when oblique astigma- tism is corrected. Another name for the Petzval
surface is the image sphere.

error is the most descriptive term because this aberration causes the spherical
component of the lens to have the effect of being off-power in the periphery
when worn (Figure 18-10). (The dioptric difference between the place where the
image actually focuses and where itshould focus is called the image shell error.)
It is important to use the manufacturer6 secom- mended base curve for each
given lens power. The optimum base curve will ensure that oblique astigma-
tism and power error are held to a minimum. Whenusing the wrong base curve,
the wearer will not be able to see as well through the periphery of the lens.

Distortion
The last of the yve Seidel aberrations is distortion. Dis- tortion occurs because
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there is a different magn ication at different areas of the periphery of the lens in
pro- portion to the distance of those areas from the OC ofthe lens. For plus
lenses, magn ication increases pro- portionately toward the periphery, whereas
in minus lenses, the magn icgtion decreases proportionately. When looking at
the center of a square window through a high plus lens, the corners of the
window are farther away from the center of the lens than the middle of the sides
(or the middle of the top and bottom). This means the corners will be magniyed
more, making the window look like a pincushion (Figure 18-11). This is known
as pincushion distortion.

For minus lenses, the corners would receive less mag- n ication than the
middle of the sides, causing barrel distortion.

Spectacle Lens Design

As noted previously, some aberrations are more im- portant than others when
designing spectacle lenses.To summarize:

Image Object

Y

Y

Image

the only practical variables left to work with are front and back surface
powers.

The Importance of Using the Correct Base Curve forSurfaced Lenses
When a laboratory receives a single vision series of ynished lenses, the base
curve of the lens is set. When the lens is removed from the package, the only
choices left are related to lens edging. When a lens has to be surfaced, however,
the laboratory looks at the desired

Pincushion distortion (Usually occurs with plus lenses)

Barrel distortion (Usually occurs withminus lenses)

lens power and chooses a lens blank with a front (base) curve appropriate for that
particular power. Lens design- ers have already recommended certain base
curves for

Figure 18-11. Magniycation occurs with plus lenses and
min ication with minus lenses. However, the mag n i yoo & hot even across the
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lens. This results in the types of distortion of the magniyed or miniyed images shown
here.

AChromatic aberration is important when considering possible high-index materials
to use for spectacle lenses or when choosing the fused multifocal segment of a
glass spectacle lens.

ABecause of pupil size, the Seidel aberrations of spherical aberration and coma
are less problematic.

AThe three Seidel aberrations proving to be mosttroublesome in ophthalmic
lenses are oblique astigmatism, power error, and distortion.

Looking at design possibilities simplistically, there are three possibilities:

1. A lens designer can correct the oblique astigmatism completely, leaving the
power error uncorrected. A lens designed in this fashion is referred to as a point
focal lens.

2. A designer can concentrate on eliminating power error, but choose to leave
residual astigmatism uncorrected. This type of lens is referred to as a Percival
form lens.

3. A designer can design a lens referred to as a minimum tangential error form that
is a compromise between the yrst two choices. At this point in time, designing a
lens that is strictly a i @int f o c arladPerciva | farm lens is not likely. A lens
which compromises between the two forms is common practice.

It should be noted that all three of the above choices are referred to either as
corrected curve or best form lenses.

Four Variables of Lens Design

There are four variables the designer can use to arrive at the best form for an
individual lens of a s p e cpowec These four are:

1. Vertex distance

2. Lens thickness

3. Refractive index

4, Front and back lens surface powers

For a single vision series of lenses, the yrst threevariables must be decided for the
whole series. Therefore
s p e c iens powers so the laboratory usually tries to remain within those
guidelines.

Failure to select the correct base curve for a given lens power will not affect the
quality of vision a person has through the center of the lens. It will reduce the
quality of vision through the periphery of the lens, however.

By using the correct base curve, the most troublesome monochromatic
aberrations can be reduced. By looking at Tschernin g @&lBpse (see Figure 18-

8), we see that it is possible to completely correct for oblique astigmatism* for
sphere powers ranging from approximately D7.00 D to D23.00 D. For powers
outside of this range, there isno spherical base curve that will eliminate oblique
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astig- matism. There is another option, however. That option is to use an
aspheric lens.

The Tscherning Oedlipse also shows that there arereally two base curves that
correct for oblique astigma- tism. The lower half of the ellipse corresponds to
the lenses that are customarily used today.

APPROPRIATE BASE RVE

It is possible to create the same power using an almost inynite variety of lens
forms. A lens with a front curveof D2.00 D and a back curve of D6.00 D will
produce virtually the same power that a lens with a D3.00 D frontcurve and a
D7.00 D back curve will produce. If many lens forms produce the same power,
is there a particularfront curve that should be chosen for a given lens power?
Although there is a range of possible lens forms that will prove acceptable,
there are limits beyond which the overall results will be poor. If an incorrect base
curve is selected, the quality of vision is acceptable while looking straight ahead.
But vision will be degraded when turning the eyes to view an object off to the side.
This effect is due to lens aberrations brought about by an incorrect lens form.

*The phrase fi ¢ @lately correct for oblique astigmatismdmeans that for one
viewing distance at one oblique viewing angle, oblique astigmatism can be
eliminated. At other viewing angles and dis- tances, oblique astigmatism will
be considerably reduced, but notentirely eliminated.

Manufacturersd6 Recommendations

Lens manufacturers recommend spe ¢ i lbage curves for each lens power. These
recommendations list the range of powers and tell which base should be used for
those powers.

A General Guideline

The power of a lens determines its shape.

APlano lens powers usually have back surface curvesclose to D6.00 D.

AAs lens power becomes more minus, the back surface steepens, and the front
surface pattens.

AAs plus lens power increases, the back surface becomes progressively patter,
while the front curve becomes steeper.
From the front, minus lenses look patter, and pluslenses look steeper.

Base Curve Formulas

One method for estimating the range in which an appro- priate base curve might be
found is to use a simpli gd formula derived from precalculated base curves. Such a
formula is not a replacement for manufacturer srécom- mendations. One such
formula is Vogel& formula,” which states that, for plus lenses, the base curve of the
lens equals the spherical equivalent of the lens power plus 6 diopters. Written as a
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formula this is:

BOX 18-2
Vogel dermula for Base Curves*

Plus lenses:
Base curve = spherical equivalent +6.00 D

- 5
spherical ;guwalent — 46.00D

Base curve =

Where

Spherical equivalent = sphere -+ B

*Note: These base curves are estimates for glass and low index plastic lenses
and will estimate a somewhat higher base curve for plus lenses. They are for
general reference purposes and should not be used for actual lens production.

Considering Right and Left Lenses As a Pair

Up to this point, we have only been choosing the base curve on the basis of the
power of one individual lens. This works yne as long as both left and right lenses
haveexactly the same power. But if the powers are different in the left and right eyes,
one lens might call for one base curve, whereas the other lens requires a different
curve. This could be problematic in certain instances.

Consider for instance, the situation where one lens ina pair has a power that is
only 0.50 D stronger than that of the other. Yet when looking at manufacturer 6 s
recom- mendations for each lens, the right and left base curve powers straddle two
available base curves. (Lens blanks come in power jumps, such as 2, 4, 6, etc.) One
lens calls for a D6.00 base, whereas the other calls for a D8.00. If the lenses were
chosen with two different base curves, there would be both a visible difference in the
appear- ance of the two lenses and a difference in ma g rcatign created between
the images seen by the right and left eyes. Therefore a decision needs to be made
to modify the base curve(s).

Because an error in base curve selection is worse for high-powered lenses than for
lenses closer to zero power, from an optical standpoint, the higher powered lens
would drive the choice.

This would mean that:

1. In instances where both lenses are plus, the steeper base curve (higher numerical
base curve) of the two would be the correct optical choice. From a cosmetic
standpoint, this choice may not always be followed.

2. If both lenses are minus, the patter base curve of thetwo should be chosen.

3. If one lens is plus and one lens is minus, again, from anoptical standpoint the base
curve for the lens with the highest numerical value should be chosen.

It is usually advisable to maintain individual lens base curve choices when the
difference between the right and left base curves is greater than 2 diopters. A
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correctly chosen base curve will produce clear vision, regardless of whether the
wearer is looking through the center or off toward the edges. If the recommended
base curve is changed too much, vision in the periphery of the lens will be poor.
(Aniseikonia considerations may also inpu- ence base curve choice. For more on
Aniseikonia and base curve, see Chapter 21.)

Other Factors That Modify Base Curve Choice Most metal frame eyewires are
curved to best accept alens with a six-base curve since this is the most common
base curve. For this reason, prescriptions that would

normally have steeper base curves may have those curves pattened somewhat so that
the lenses will stay in the frame better. (Instead of pattening the lens, a betterchoice
would be to use an aspheric lens. Aspherics can be made on a patter base curve
without degrading optical quality.)

Plastic frame styles that have a poor lens retention record may retain their
lenses better if the lenses have patter base curves.

Prescriptions with large amounts of prism end up being thicker. Lens thickness
increases lens magniycation and makes the eye look larger. This is especially
true for pluslenses. Much of this mag n ¢atjon comes from a steep front curve.
This means that magn ication may be reduced by using a patter base curve. As
an added beneyt, large prisms are easier to work with when produced on a
somewhat lower base curve.

ASPHERICS

What Is an Aspheric Lens?

The term aspheric means ot spherical .Tie degree of curvature of a spheric
lens is continuously uniform witha consistent radius of curvature throughout its
entire surface, like that of a ball or sphere. An aspheric lens surface changes
shape. It does not have the same radius of curvature over the entire surface.

Aspherics are, gen- erally speaking, based on a surface curvature that comes from

a conic section. A conic section is a slice througha cone. There are 4 basic

types of conic sections (Figure 18-12). These are:

1. A circle: A circle is the shape formed by a horizontalplane, or slice through
an upright cone.

2. An ellipse: An ellipse is a shape formed by an angled plane through a cone
that does not intersect the base of the cone.

3. A parabola: A parabola is a curve that is formed bythe intersection of a cone
with a plane having one side parallel to the side of the cone.

4. A hyperbola: A hyperbola is a shape formed when a cone is intersected by
a plane that makes a greater angle with the base of the cone than the side
of thecone makes with its base.

When these shapes are used as the shape for the front of a lens, they

compare as shown in Figure 18-13.

The type of asphericity used on a lens surface is oftenclassiyed by fp-valu e s . 0
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P-values refer to the value p in the equation?®:
y2 D 2rox D px?

This equation describes the conic sections referred to previously. The r, value
is the radius of curvature at the vertex of the conic section. Knowing the p
value willdifferentiate the conic sections from each other, as shown in Box 18-3.

These were shown in Figure 18-13. Thus knowing the fp-value oof an
aspheric surface helps to under- stand which type of asphericity is being used
and how far the surface departs from a circular or spherical shape. For example,
a surface having a p-value of D3.0is a hyperbolic surface. This surface departs
further from a spherical shape than one having a value of DO.5.

a4

Circle Ellipse Parabola Hyperbola
Figure 18-12. Conic sections create the curves
that are often used for lens surfaces. The circle is
used for spherically based lenses. The ellipse,
parabola, and hyperbola are used for aspheric
surfaces.
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Oblate ellipse(p > 1)

\
rolate ellipse (0 < p'< 1)
‘.

v

Parabola(p = 0)

Hyperbola (p < 0)

Figure 18-13. This ygure shows how geometric conic sections could be used
on front or back lens surfaces to produce different types of asphericity. The type
of asphericity used on a surface may be class i yby -values. B-values refer to
the value p in the equation and describe the varying shaped conic sections
referred to in Figure 18D12. Using a different approach it is also possible to
classify asphericity by fi €alues,0 with Q being a measure of conicoid aspheric-
ity. Using Q-values, a circle has a value of zero compared with this system in
which a circle is classiyed with a p-value of 1. (From Jalie M: Ophthalmic lenses
& dispensing, ed 2, Boston, 2003, Butterworth-Heinemann.)
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BOX 18-3

p-Valuesfor Aspheric Surface Shapes
Then the type of aspheric
If the p-value is: surface will be:
p>1 : Oblate ellipse (The long
:ﬁ;gxater axis of the ellipse is
verti cal)
Circle
p=1 (pis equal to 1) Prolate ellipse (The long
—0 axis of the ellipse is
P= horizontal)
I\

Perceived astigmatism
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One having a p-value of
D0.50 is a prolate elliptical
surface.

Aspheric surfaces have a
changing radius of curvature
and thus a varying amount of
surface astigmatism every-
where except at the center of
the lens surface. This means
that it is possible to select a
s pecitype of aspheric
surface that will neutralize
unwanted oblique astigma-
tism. For example, suppose
we want to use a lens that
has a considerably patter
base curve than normal. Just
pattening the base curve on a
spherically based lens will
mean increased oblique
astigmatism resulting in poor
peripheral optics. Yet this

patter base can be used suc-
cessfully if a type of aspheric
surface that has a matching

e
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Figure 18-14. The normal base curve for a plano lens is

D6.00 D. The D10.00 D front surface of this D5.00 D lens looks considerably steeper
and causes more magniycation. However, this spherical corrected curve lens will give
sharp vision both centrally and peripherally. (From Meslin D: Varilux practice report
no. 6: asphericity: what a confusing word!, Oldsmar, Fla, November, 1993, Varilux
Press. Figure 1A. Courtesy Varilux Corp.)

Figure 18-15. Flattening a D5.00 D lens from a D10.00 D spherical base curve
lens back to a D6.50 makes it look more like a low-powered plus lens. With this
pat curve, it is nolonger optically sound. Even tho uginthe center may pr od%ce
20/20 vision, the periphery suffers from both pgRver error and @b ug’
astigmatism. (From Meslin D: Varilux practice repo>rt n®. 6: asphericity: what&@
confusing word!, Oldsmar, Fla, November, 1993, Varilux Press. Figure 1B.
Courtesy Varilux Corp.)

but counterbalancing amount of surface astigmatism ischosen.

Purposes for Using an Aspheric Design

There are at least yve good reasons for producing a lensthat has an aspheric

surface.

1. The yrst reason is to be able to optically correctlens aberrations.

2. The second reason is to allow the lens to t@‘made patter, thereby reducing
magn ication and makingit more attractive.  pR

3. The third reason is to produce a thinner, lightereweight lens.

4. A fourth reason may be to ensure a good, tight yt inthe frame.

5. The yfth reason is to make a lens with progressive optics.

Asphericity for Optical Purposes

As stated earlier, for most powers, it is possible to produce a lens that is optically sound
using regular, spherical surfaces. Once lens powers go beyond the D7.00 D to
D23.00 D range, however, it is necessary to use an aspheric design.

In the middle, an aspheric lens surface starts out as any other spherical surface.
Then at a certain distance from the OC, the lens surface gradually changes its
curvature at a rate calculated to offset peripheral aber- rations. (This concept will be
discussed in greater depthin the section on high plus lenses later in the chapter.)

Asphericity for Flattening Purposes

For lenses with spherical base curves, higher plus power always results in steeper
base curves (Figure 18-14). Unfortunately, for high plus lenses the steeper the base
curve, the worse the lenses look. Choosing a patter base

Perceived power

¥
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Figure 18-16. Properly using aspherics, it is possible to patten a lens and still
overcome peripheral aberrations. Here, this

D5.00 D lens has been pattened to have a D6.50 front curve, yet because the
front curve is aspheric, vision remains clear in the periphery. (From Meslin D:
Varilux practice report no. 6: asphericity: what a confusing word! Oldsmar, Fla,
November 1993, Varilux Press. Figure 1C. Courtesy Varilux Corp.)

curve will make the lens look less bulbous and also reduce magni cation.
Cosmetically the lens looks much better. It even looks considerably thinner than
before, although in reality it is only slightly thinner. Because patbase curves
reduce magn ication, the wearer séeyes do not look as big.

Unfortunately, just pattening a regular lens results in bad optics. In the
periphery, the sphere power will be off (because of power error), and there will
be unwanted cylinder (because of oblique astigmatism) (Figure 18-15).

If the pattened lens surface is aspheric, it is possible to get both good
cosmetics and good optics (Figure 18- 16). Such a lens may even change the
degree of aspheric-ity when approaching the edge of the lens to further patten
the lens.

Y
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Aspheric

front surface is pattened to give the edge more thickness. For a plus lens, center
thickness is limited by edge thickness. If edge thickness can be added with asphe-
ricity, then the whole lens can be thinned, and center thickness will be reduced. (Dotted
lines show the shape of the unthinned, spherical lens.) (From Meslin D: Varilux
practice report no. 6: asphericity: what a confusing word! Oldsmar, Fla, November
1993, Varilux Press. Figure 2A. Courtesy Varilux Corp.)

Decrease size

55 mm diameter 42 mm diameter
A

Another Reason for Flatter Base Curves

The steeper the base curve, the easier it is to dislodge the lens from a metal frame.
So it is not unusual for a laboratory to patten a base curve to make it yt more securely
in the frame. Yet rather than pattening a regular lens, a better option is to use a patter,
aspherically designed lens.

Asphericity for Thinning Purposes (Geometric Asphericity)
Asphericity can be engineered with the express purpose of making the lens thinner.
To do this for plus lenses,the lens front and back surface are pattened quite a bit
toward the edge. Flattening the periphery makes it pos- sible to grind the whole lens
thinner (Figure 18-17). Of course there are several aspects for thinning lenses, often
combined with one another. Figure 18-18 shows how lens thickness responds to a
decrease in lens diam- eter, an increase in lens index, and a change to an aspheric
design.

To thin minus lenses, either the peripheral portion ofthe lens front surface is
steepened, or the peripheral portion of the back surface is pattened toward the periph-
ery, or both. This reduces edge thickness (Figure 18-19).

To Ensure a Good, Tight Fit in the Frame

Most frames are made to best hold a lens with around a

6 D base curve. Using ordinary methods for edging lenses, the steeper the base
curve is, the harder it is to keep the lens tight in the frame. Since a lens can be made
closer to a 6 D base curve in an aspheric design without
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Increase index

1.5 index 1.7 index
B

\/

Change to aspheric
compromising peripheral vision, an aspheric design willhelp in ensuring that the lens
stays in the frame.
1.5 index
spherically based
C
1.5 index
aspheric
Asphericity for Producing Progressive Power Changes By d e y onj any lens
surface that is not spheric is aspheric. Progressive addition lenses achieve their
add
Figure 18-18. A plus lens may be thinned by decreasing the overall diameter of
the lens (A), increasing the refractive index of the lens (B), and changing from a
spherical surface to an aspheric surface (C).
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Aspheric Aspheric

Spherical

Figure 18-19. Asphericity can be used to thin the edge of a high minus lens. This is
done by steepening the periphery of the front and/or pattening the periphery of the
back curve. (From Meslin D: Varilux practice report no. 6: asphericity: what a
confusing word! Oldsmar, Fla, November 1993, Varilux Press. Figure 2B. Courtesy
Varilux Corp.)

power gain from a progressively steepening surface curvature. So progressive
addition lenses are also aspheric lenses.

Most progressive addition lens designs continue to follow the same rules as
spheric base curve lens designs. In other words, their distance portion will have the
samebase curve as one would expect for spherically based corrected curve lenses.

A progressive lens can also be made with a patter base curve for the distance portion.
To prevent unwanted aberrations, the front surface should be aspherically

different rates for each of the two meridians means that each rate of change can
be optimized for the power in that meridian. When each meridian is optimized
on a toric lens, the design is called an atoric lens. For a lens having cylinder
power, an atoric design is able to expandthe peripheral range of clearer vision
beyond what is found for either a well-designed (best form) spherically based
lens or an aspheric lens (Figure 18-20).

Atoric lenses should be recommended for all cylinder powers above 2.00 D,
even when the spherical compo- nent of the prescription is low. They may
also proveadvantageous for anyone with cylinder power beyond
1.25 D. Fortunately, many of the newer high-index single vision series of lenses
being marketed are now being made as an atoric series and not just aspheric.

Comparing the Construction of SphericallyBased Lenses, Aspherics,

and Atorics

Here is a quick and general comparison of the way single vision lenses are

constructed for spherically based, aspheric, and atoric lenses.
Spherically based lenses

AFor simple spheres (no cylinder), the front surface is spherical, and the back
surface is also spherical.

AFor spherocylinders, the front surface is spherical, and the back surface is
toric.
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Aspheric lenses
Aln most cases, for simple spheres (no cylinder), the
compensated as in any other nonprogressive aspheric lens. (As would be expected,
the combined asphericities will become considerably more complex to design.)

ATORIC LENSES

A spherically based lens using a properly chosen base curve to create a corrected
curve design can do a very good job of minimizing peripheral lens aberrations. So
can an aspheric lens. In fact an aspheric lens is able to create a lens that has a
patter base curve and is often thinner and lighter while still maintaining corrected
curve quality for reduction of aberrations.

Yet like the spherically based lens, the base curve and/or asphericity combination
of an aspheric lens is designed for one s p e cléeng pgower. The problem is when a
lens corrects for astigmatism and introduces a cylinder component into the
prescription, the lens has two powers. A lens with two curves on the same surface
is called a toric lens. Which power will be used to deter- mine the correct amount of
asphericity? Choosing to correct one power means that correction for peripheral
aberrations for the other power will be less than ideal. Usually a compromise power
somewhere in between thetwo is chosen, with neither being optimum.

An aspheric lens changes the curvature of the surfacein all directions equally.
With two lens powers, the rate of change in surface curvature would have to be different
for each power meridian. Changing the curvature at

front surface is aspheric, and the back surface isspherical.

AFor spherocylinders, the front surface is aspheric. The back is toric. It is not
possible to correct both of the major meridians of a cylinder lens for
aberrationswhen a lens is designed this way.
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Atoric lenses

AThere are both spheres and spherocylinders in a given lens series that use
an atoric design. This means that in the case of spheres, the lens is really
an aspheric. Technically it cannot be an atoric because it has no cylinder
power.

AThere are several ways atoric lenses can be made. Itcan be anticipated that
the number of these possibilities will expand.

1. A ynished single vision lens with the front surface spherical and the back
surface atoric.

2. A semi-ynished single vision lens with the front surface having the gradual
changes in power associated with the lens atoricity. The back surface is
the normal toric surface correcting forcylinder power. So the back surface
takes care ofthe refractive power of the cylinder, whereas the front surface
makes atoric changes for peripheral aberrations.

3. A third category is an atoric design in conjunction with a progressive
addition lens.

In the past, atorics had only been available in singlevision lenses. Atorics
had been out of the question with

SPH SPH

(N )
W/ \/

Atoric Design
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Field of Perfectly Clear Vision Comparison*

Best Form Poly Aspheric Poly

ViZio Atoric Poly

Rx:

Rx:

Figure 18-20. A, This is conceptual drawing
showing the zone of optimum visionfor a best form
spheric or an aspheric spherocylinder lens when the
design is opti- mized for the sphere power meridian.
The cylinder power represented in this drawing is fairly
high. Here the wider area produced by the sphere
meridian happens to fall in the narrower vertical
meridian because of cylinder axis orientation. B, In
B an atoric lens allows the design to be optimized for
both sphere and cylinder power meridians, resulting
is a larger area of better vision. (lllustrations A and
B courtesy of Darryl Meister, Carl Zeiss Vision.) C,
Here is a comparison of the size of sharp, clear
vision for three polycarbonate lenses in best form,

aspheric, and atoric forms for two speci yc

spherocylinder lens powers. There is little difference
in peripheral lens clarity between the best form
(corrected curve) spherically based lens and the
aspheric design, assuming that both lenses are yt
correctly. Because an atoric lens can correct
peripheral aberrations for both astigmatic meridians
independently, the atoric design is able to widen the
peripheral area of sharp, clear vision. (From Meister
D: ViZio the next generation of aspheric lenses, Sola
optical publication #000D0139D10460, 10/98.)
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Desired shape after edging

Lens blank

Optical center locationachieved by grinding prism for decentration

ing laboratory so that the correct amount of prism will be found at the center of
the aspheric zone. A ynished single vision lens cannot simply be decentered to
create a prismatic effect as is done with normal spherically based lenses.
Decentering a stock aspheric lens to create prism will mean that the wearer will no
longer be looking through the middle of the aspheric zone.

Identifying a Lens As an Aspheric orAtoric Lens

Figure 18-21. When the unsurfaced, unedged lens blank is small or the frame is
large, it may be necessary for the labora- tory to move the OC away from the
center of the lens blank. This is done by grinding prism in the center of the lens
blank so that the OC will be properly placed after the lens has been edged.

multifocals and progressives. The segment or progres- sive zone of the lenses
requires that the lenses be sur- faced to prescription to correctly place the cylinder
axis direction. The segment or progressive zone is already onthe front of the lens.
Since there was no practical way to grind and polish atoric optics onto the back side

of the lens, atorics were only made in single vision lenses. Now firée-fo r mo
generating and polishing is making atorics available for an increasing number of newer
custom pro- gressive lens designs.

177



WORKING WITH ASPHERICS AND ATORICS

An Aspheric Design Prohibits Grinding Prismfor Decentration

When a conventional (nonaspheric) single vision lens is surfaced, the laboratory can
move the OC to any loca- tion on the lens. This is done by grinding prism for
decentration and is especially helpful when using large frames. Grinding prism for
decentration moves the OC away from the center of the lens blank. On a spherically
based lens, the OC may be moved without creating any new optical problems (Figure
18-21). Decentration prism is helpful when the lens blank would otherwise be too
small for the frame size.

But what will happen if the OC is moved away from the geometric center of an
aspheric lens blank? If the OCof an aspheric lens is moved, the asphericity will be
mis- placed relative to the position of the eye (Figure 18-22). When the eye looks
one way, it reaches the aspheric portion too soon. When it looks the other way, the
aspheric area is not reached soon enough. In short the OC of an aspheric lens
must remain locked to one position on the lens blank.

Rx Prism Still Works With Aspherics

Just because aspherics do not allow prism for decentra- tion does not mean that

aspherics cannot be used for prism prescriptions. They can be used with Rx prism.

The prism must be ground in prism done in the surfac-

When someone comes into the o f y already wearing

glasses, it is helpful to know if the lenses being worn are aspheric lenses. It is

not always easy to tell. Here are some possibilities for identifying an aspheric

lens.

AUse a lens clock: By placing the three pins of a lens clock on the front surface
of a lens and moving the lens clock sideways, it may be possible to identify
some aspherics. If front surface lens power changes, the lens is aspheric.
However, if the lens is edged and in the frame, it is not possible to move the
lens clock very far. Therefore many, if not most asphericsmay be missed.

AUse a grid pattern: View a grid pattern through a higher plus lens. Not
seeing distortion of the grid may identify certain types of aspherics, but not
all types.

ANotice lens curvature: Notice the patness of the front (and back) curve
compared with other lenses of equal powers. Of these yrst three suggestions
for identifying the possibility of having an aspheric lens,this may be the best.

AlLook for identifying markings: Fortunately, some manufacturers are putting
identifying markings on the front surface of their lenses. This will allow the
iden t catipn of a lens as being a sp e c ibrard of aspheric, much like the
system used for identifying progressive addition lenses. Remember,
however, that whereas progressive lens marks will appear along the 180-
degree line, aspheric lens markings may appear in any lens meridian
because of the lensbeing rotated during edging.

178



Why Dispensing Rules Take on Speciallmportance for Aspherics

A well-designed aspheric lens can produce excellent optical and cosmetic
results. There is one thing that must be kept in mind, however. Aspheric lenses
are not as forgiving of dispensing errors as regular lenses. If a regular lens is yt
without adhering to all the proper ytting rules, vision may still be acceptable
enough to produce a happy wearer. But if an aspheric lens is yt improperly, the
lens can end up being optically worse than a regular spheric-based lens would
have been.

Fitting Guidelines for Aspherics

Fitting rules for aspherics are really no different than careful ytting rules for any
other lens. Remember to

Aspheric portion

Optical center (Correctly centeredd
no prism for decenentration)

Central spheric zone of the lens

Aspheric portion

179



Incorrectly ground optical center(lens has ground-in prism
for decentration)

Central spheric zone of the lens

Figure 18-22. A, An aspheric lens should always
have the OC in the middle of the central, spheric
portion of the lens. This way as the eye looks left and
right, the lens is used as intended. If an aspheric lens
is ground with prism for decentration as shown in B,
the eye will run into aspheric changes too quickly in
one direction and not quick enough in the other
direction. (The eye is slightly above the OC to allow
for pantoscopic tilt and reading.) NoTE: Do not
confuse prism for decentration with prescribed (Rx)
prism. Prism ground onto an aspheric lens as Rx
prism is always acceptable.

always use monocular PDs, measure for MRP height, and use the correct amount
of pantoscopic tilt.

Use Monocular Interpupillary Distances
The eye must be horizontally centered in the ftoncentric aspheric rin g sobthe lens.
Taking monocular inter- pupillary distances will ensure that this happens.

Measure Major Reference Point Heights and Compensate for Pantoscopic
Angle

First, measure MRP heights in the conventional manner (see Chapter 5). Then use
the rule of thumb for tilt compensation (i.e., subtract 1 mm of MRP height foreach 2
mm of pantoscopic tilt). Aspheric areas concentri- cally surround the lens OC.
Therefore do not move the MRP more than 5 mm below the pupil, even if the rule
of thumb for tilt calls for more than 5 mm. Moving the MRP too far downward can
cause the peripheral aspheric area to interfere with normal distance vision. Because
the MRP should not be dropped more than 5 mm below the pupll, it is not advisable
to use more than 10 degrees

of pantoscopic tilt with high-powered aspheric prescriptions.

Alternative Method for Determining Major Refer- ence Point Height: Tilt the
Head and Measure An alternative method for ynding MRP height is to yrst tilt
the wearerd sead back until the frame front is perpen- dicular to the poor. Next
measure MRP height with the su b j eheaddiled back. (If the frame has a large
amount of pantoscopic tilt, remeasure height without tilting the head. The
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difference in measurement should not exceed 5 mm.) This head-tilt method
should give thesame results as compensating for pantoscopic tilt and is certainly
easier. (See Chapter 5 for more details regard- ing MRP height.)

Caution: Some laboratories assume that the MRP height s p e ediof the
order form places the MRP in front of the eye. Since this is incorrect in the
presence of pantoscopic tilt, some laboratories drop the MRP below the ordered
amount to compensate for tilt. You will need to know how your laboratory is
treating so- called MRP heights.

BOX 18-4
Fitting Guidelines for Aspherics

1. Usemonocular interp upillary distances.

2. Measure major reference point heights in the
conventio nal manner. Then subtract 1 mm for each
2 mm of pant oscopic tilt. (The OCshould not be
more than 5 mm below the pupil.)

Alternative method for fi nding major reference
point height: First til t the wearer ghead back until
the frame front is perpendicular to the fl oor. Next
measure the major reference point height in this
position. This alte rnati ve method should give the
same results as compensating for pantoscopic tilt
will give.

3. Remember that the laboratory cannot grind prism for
decentration with aspheric lenses. Moving the OC
away from the center of the aspheric zone will

The guidelines for ytting aspherics are summarizedin Box 18-4.

Full Versus Nonfull Aspherics
When thinking of aspherics, we generally think of the lens surface radius of curvature
changes as beginning nearly at the optical center of the lens. The changes start
gradually and increase more rapidly as distance increases from the center of the lens.
This type of aspheric lens is referred to as a full aspheric lens. Because changes
start almost centrally, it is important to follow recommended ytting guidelines. If the
eye in not correctly located in the aspheric conyguration, this poor ytting can produce
results worse than would be experienced if spherically based lenses were poorly yt.
To help reduce poor ytting problems, some aspheric lenses are designed with a
spherical central area or cap that may vary in size depending upon who makes the
lens. In this central area, the lens behaves like a spheri- cally based lens. If the eye
is not properly centered, the consequences are not supposed to be as noticeable.
Sucha lens is referred to as a nonfull aspheric.® Another advan- tage is that the lens
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may be able to be decentered for smaller amounts of prism without having as many
adverse affects.

When to Recommend Aspherics and Atorics

For Plus Lens Wearers

For plus lenses, an aspheric may easily be recommended when the power goes
above D3.00 D. However, opinions vary on when to recommend aspherics with
beginning points ranging from D2.00 D to D4.00 D or even lower. Remember that
as frame size increases, the amount of plus power needed before recommending
an aspheric lens decreases. The larger the lens, the lower the power will be when
aspheric lenses are recommended.

For Minus Lens Wearers

For a minus lens wearer, an aspheric may be recom- mended for powers above
D3.00 D. The A fmimum olens power that is recommended continues to drop.
Again differences as to what the lowest power is for recom- mending a minus
aspheric will differ, depending upon frame size and wearer concerns. (Note: If a
high-index aspheric is being used primarily to thin the lens, it is
counterproductive to place such a lens in a frame with a small eye size and
narrow vertical dimension if that frame is a nylon-cord frame. Nylon-cord frames
need a minimum edge thickness to allow for grooving the edge. Such high-index
lenses may have to be made thickerbecause of the frame.)

Aspherics Are Recommended for Anisometropia When a person has a
difference in power between theleft and right eyes that is greater than 2.00 D,
there willalso be differences in mag n i Yyoo. &spherics are nor-mally patter,
thinner, and closer to the eyes and reducemagn ication differences.

Other Possibilities for Using Aspherics

Aspherics can also be recommended for

A Children who are sensitive about how their glasseslook;

A Contact lens wearers so they will not overwear theircontacts to avoid wearing
thick, ugly spectacle lenses; and

A Older wearers to decrease lens weight.

Adapting to Aspherics and Atorics

Changing base curve and lessening the amount of distortion a person
experiences when switching from a spherically based lens to an aspheric or atoric
would seem like a good thing. And it is. However, the person whohas been
wearing lenses that cause straight lines to appear curved has already made some
adaptations. They have mentally been able to correct the distortions caused by the
lens. Their mind straightens the optically dis-torted (curved) line and sees it as
straight. Now when a new correcting lens no longer curves straight lines, the
mind tries to compensate as before, and the world takes on an unfamiliar
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appearance. Until readaptation takes place, nothing looks right. Those being
changed from conventional spherically based lenses into aspheric or atoric
lenses should be warned about the adaptation time that will be necessary. Once a
person is used to wearing aspherics and atorics, they ynd them much to their
liking. (This is assuming that the lens has been carefully measured and yt.)

HIGH PLUS L ENS DESIGNS

Before the advent of intraocular lens implants following cataract surgery, high
plus lenses were common, and a number of high plus spectacle lens
options were

P

Figure 18-23. This lens has the same radius of curvature over the entire front surface
of the lens. A i f -yeld ldens is one that is optically useable over the entire viewing
area. There- fore technically, even this regular spherically based lens could be called
a full-yeld lens.

developed. Many of these options are still available. Because high plus options are
often thought of simply asfi ¢ aactdense s théy may not be used to full advantage.
People who need a high plus correction and have never had cataract surgery are still
candidates for these special lens designs.

Regular Spheric Lenses

It is possible to use a regular, spherically based lensfor a high plus wearer, even
though the optics are not as good. Sometimes these lenses are called fi fll-yeld
lense s t0 make them sound better. Actually, any lens that has the prescribed lens
power over the whole viewing surface could be described as a full-yeld lens (Figure
18-23).

High-Index Aspheric
Whenever possible, it is best to use a high-index aspheric len us lens
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wearers. High index aspherics may not be available in some of the very highest plus
powers. Unfortunately, many of the specialty high plus lenses described in the next
sections are only available in regular 1.498-index CR-39 lens material because these
lenses were

designed when CR-39 was the preponderant material.

Lenticulars

A lenticular lens is one that has a central area with the prescribed lens power
surrounded by an outside area of little or no power. The central area is called the
aperture, and the outer area is called the carrier (Figure 18-24). The lenticular style
was developed for the purpose of thinning the lens. It is like a small, plus lens that
is attached to a thin plano lens (Figure 18-25).

Lenticular lenses are available as either spheric or aspheric lenticulars. Spheric
lenticulars look just like the lens shown in Figure 18-25. Aspheric lenticulars have an
aspheric aperture. An aspheric lenticular can be thought of as a small, aspherically
designed plus lens that has been placed on a near-plano carrier (Figure 18-26). Of
the two lenticular designs, the aspheric lenticular is the better choice.

Figure 18-24. When a lenticular lens is viewed from the front, the optically
useable central aperture is seen in the center of the outer carrier portion.

Sphere portion

< >
A
A
r/
P N
Radius of

spheric portion

Figure 18-25. The cross section of a spheric lenticular lens shows that the
optically useable central portion has the same radius of curvature across its
entire surface. The outer carrier portion is considerably patter.

Advantages of a Lenticular Design
The main advantages of the lenticular design are weightreduction, thickness
reduction, and, for aspheric lenticu-lars, good optics.
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Disadvantages of a Lenticular Design

The main drawback to the lenticular design is looks. Even for small eye sizes,
the edge of the aperture isusually visible. If the frame eye size is too large, the
lens looks like the yolk of a fried egg.

The Development of High Plus Multidrop Lenses The Welsh 4-Drop lens was
developed in an effort to overcome the cosmetic negatives of the lenticular
designwhile maintaining a thin lens. The Welsh 4-Drop had a

back surface curve that was almost pat. The front surface of the lens had a 24-
mm spherically based central area. Outside of that central area, the lens surface
became aspheric and dropped in power, 1 diopter at a time, for atotal of 4
diopters (Figure 18-27). For example, if the lens had a central base curve of
D14.00, there were four outer concentric areas with powers of D13.00 D,
D12.00 D,

D11.00 D and D10.00 D. Each area blended into the otherso that the changes
in power were not visible.

Sphere portion
!
Aspheric portion \ | ﬁ
i
Figure 18-26. The cross section on an asp r@ of
curvature across the aperture. There is stilla pt, visible (0 Thetween the
central aperture and the carrier. ia\
|

Radius of spheric portion

Carrier portion
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Increasing radius of aspheric portion

Carrier portion

fBlendedoportion-

Spheric portion

Figure 18-27. The original
Welsh 4-Drop lens had a front
surface that dropped 4 D from
center to edge.

The Welsh 4-Drop was a radical change over previous plus lens designs. The
optics were less than ideal, but thelens was thin and better looking. The concept was
pickedup by competing lens companies and modiyed.

In the competing products, the concentric areas no longer changed as abruptly.
The amount of aspheric drop was no longer limited to 4 D, regardless of base curve.
The general category of lenses that emerged became known as multidrop lenses.

In the early stages of multidrop development, the issue of using aspherics to correct
for aberrations instead of just for cosmetic and weight purposes had not yet been
substantially addressed. Eventually, multidrop lenses were developed that more
effectively took into account both peripheral aberrations and cosmetics. The central
portion of the newer multidrop lens has an area that resembles the optics of an
aspheric lenticular. Once outside of this more traditionally designed central area, the
front surface suddenly pattens. The outer zone of thelens functions more like a
carrier. In essence the lens resembles a large, blended aspheric lenticular (Figure
18-28).

Figure 18-28. A multidrop lens can incorporate the advan- tages of optically
sound aspherics for near-peripheral viewing, plus a fast-changing aspheric drop
toward the edge resulting in what could almost be considered a blended
aspheric lenticular.
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HIGH MINUS LENS DESIGNS

Perhaps the greatest lens problem facing the high minuswearer is thick edges.
This can be substantially addressedthrough appropriate frame selection. (For a
review offrame selection for high minus wearers, see Chapter 4.)

Many of the options for high minus lenses discussed in the following sections
may not be needed if the dis- penser yrst applies traditional dispensing
principles, such as small effective diameter sizes, high-index lenses, roll and
polish, and antire pction coating. Yet if lens power is high enough, these
measures may still prove insufycient. If this happens, a special high minus lens
design is in order.

Lenticular Minus Designs

A lenticular design for a high minus lens uses the sameidea as the lenticular
design for high plus lenses. The

Same lens powers

Same bowl sizes

<
< < A
<
Figure 18-29. For a
myodisc lens (having
< ) _ Eqal a plano carrier),
- s edge thickness
sizes ) .
increases with both

lens power and
bowl size.

Smaller bowl size

Largerbowl size
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Lowerlens power
Higherlens power

central area of the lens contains the prescribed refractive power of the lens. The
peripheral (carrier) area serves only to extend the physical size of the lens without
increasing its thickness.

Lenticular minus lenses can be found in several forms; one of which is the myodisc.
It is important to remember that minus lenticular lens designs are not limited to one
type of lens material and can be made of higher index material.

The Myodisc

According to the traditional deynition, the myodisc design has a front surface that is
either pat or almost pat. The front usually contains the cylinder component of the
prescription. A myodisc also has a plano back carrierarea. There is a high minus
fi ow | i the middle of the back surface. (Originally, these lenses, made from glass,
had a small 20- or 30-mm bowl size. Myodisc was a trade name.)

In a myodisc type of lens, the carrier is near plano. Therefore the thickness of the
carrier portion is con- stant. The larger the bowl area is, the thicker the carrier will
be. For lenses with the same-sized bowl areas, increases in lens power will mean
an increase in carrier thickness (Figure 18-29).

Because the myodisc carrier is plano, as bowl size and/or lens power increases,
edge thickness can become signiycant. It is conceivable to reduce edge thickness by
using a different form of a minus lenticular design.

Minus Lenticular
A high minus lens with a lenticular design can be made so that the carrier is not
plano. Several examples of minus lenticular lenses are shown in Figure 18-30.

If the back side of the carrier is made positive, as shown in Figure 18-31, B and
D, the outer edge will thin down considerably. Often the laboratory makes this type

A B C D

Figure 18-30. Minus lenticular lenses may be made in a variety of forms. Here
are some examples. All have a high minus power in the central bowl area. The
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numbers are for illustration purposes only. A, A minus lenticular with a

D2.00 D back carrier curve and a D2.00 D front curve. B, A minus lenticular with
a D6.00 D back carrier curve and a D2.00D front curve. The plus 6 back carrier
helps to thin the lens edge. C, A minus lenticular with a D2.00 D back carrier
curve and a D2.00 D front curve. The minus front curve increasesthe total
minus power without having to make the back bowl curve even more concave.
D, A minus lenticular with a D6.00 D back carrier curve and a D6.00 D front
curve. Again the plus back carrier helps to thin the lens edge. It would be
possibleto put a higher plus carrier curve on the back of the lens to obtain more
edge thinning.

of lens by beginning with a semi njished lens that has a plus six or greater front
curve. The minus bowl is groundinto the ffronto of the semiynished lens. This will
become the back of the minus lenticular lens. The cylinder and remaining power
is ground onto what will become the front of the lens.
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Sample Questions:

Example 1

A prescription is to be placed into a pair of wrap-around frames with a wrap angle of
25 degree for each lens. It is ground onto a D8.00 D base curve polycarbonate lens
witha 2.0-mm center thickness. What would be the amount of prism induced and in
what base direction? If compensatoryprism is placed in the glasses to counteract
the induced prism, what base direction would be used?
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Solution
Using the formula for prism induced by tilt, the prism amountis:

DD 100tanD L E

Where light actually focuses when
curvature of field is present
(Petzval surface)

Where the lens should focus light
(Far point sphere)

Image shellerror
Figure 18-10. The aberration curvature of yeld occurs whenlight entering the
peripheral areas of the lens does not focus
nl where it should; namely, on the far
point sphere. (The far point
D 106gan 26D 2:002D g
1.586
D0.47

The amount of prism is 0.47D. Since the light enters the lens at an angle on the
nasal side, the prism base directionis on the other side, which is base out. The
induced prism is 0.47D base out per eye. The prism needed to compensate for
induced base out is base in.

For orders with signiycant wrap around and a moder- ate to high-powered
prescription, use a laboratory that is experienced with making any necessary
compensatory changes in refractive power and prism caused by lens tilt.

Example 2

Suppose a lens has a prescription of D5.50 D1.00 D 70. Using Vog e |fdinsula,
what is the base curve?

Solution

Since this lens has cylinder, we begin by ynding the sphericalequivalent of the
lens.

Base curve
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(plus lenses)

D spherical equivalent D 6.00 D

Spherical equivalent D D5.50 D DD1.00D

2
D D5.00D
(The spherical equivalent of a lens is the sphere power plus half of the cylinder power.)
For minus lenses, Vogel6 $ormula for base curve begins with the spherical equiva-
lent of the lens, divides the spherical equivalent by 2, then adds 6 diopters. Written
as a formula this is:

The approximate base curve is:

Base curvepius lensesy D D5.00 D D 6.00 D
D D11.00 D

Base curvepminus lensesD
p Spherical equivalent 5 ¢ 4op
2

Example 3
A minus lens has a power of D6.50 D1.50 D 170. Using
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These formulas are summarized in Box 18-2. (Remember that this formula is to
help in determin-
ing approximately what base curve might be expected fora given lens power. Actual
base curves for lenses will vary. Plus lenses will be somewhat patter than calculated
and lenses of higher index of refraction may be consider-ably patter.)

Example 4

Using V o g eforrauta, ynd an approximate base curve for a
Voge | formula, what is the approximate base curve?

Solution
The spherical equivalent of D6.50 D1.50 D 170 is:

Spherical equivalent D D6.50 D 21:20

2
D D7.25D

The base curve formula for minus lenses is different thanthat for plus lenses;
therefore the approximate base curve is:

lens having a power of D2.00 D sphere.

Solution

For spheres there is no need to calculate a spherical equiva-lent. So for this lens, the
base curve is:

Base curvepminus lensesD

D D225 5 5 0op2

D D3.62D D 6.00D
D D2.38D

Base curve(pius lensesy D D 2.00 D D 6.00 D
D 8.00 D
Rounded to the nearest /2 D, this is D2.50 D. (In practice
this would be rounded to the nearest base curve in theseries stocked by
the laboratory.)
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unit 9:

Segmented Multifocal Lenses

Learning Objective:
At the end of this chapter, students will be able to learn:

1. What are multifocal lenses, their uses, advantages and disadvantages.
2. What are different types of bifocal lenses and trifocal lenses, with uses,
advantages and disadvantages.

Most spectacle lenses correct for just one distance. These are called single vision
lenses. Yet a perso n &isual needs may require different

lens powers for different distances. These needs can be met by changing the power
in one or more areas of a lens.

MULTIFOCAL LENSES

Multifocal lenses meet the we a rseneells for focusing light at more than one, or
multiple distances. Originally all multifocal lenses had visible segments. There were
no progressive addition lenses with gradually changing powers hidden from view. To
help distinguish multifocal lenses with progressive optics from multifocal lenses with
distinctly different powers in sharply demarcated areas of the lens, the lenses with
visible segments may be referred to as segmented multifocals.

The Concept of a Near Addition

The crystalline lens within the eye becomes nonelastic as a result of the aging
process. This condition is called presbyopia. Because of presbyopia, a person
becomes unable to see clearly at close range, regardless of how well vision is
corrected for distance. To see clearly at near, the wearer needs additional plus lens
power.

Suppose a person has no need for correction of dis- tance vision. If no distance
correction is required, the only factor to be considered is the necessary plus lens
power to see clearly at near. The amount of plus power needed for near vision is
02.00 D. This can be given in the form of a regular, single vision lens having the
same
02.00 D power over the whole lens. It can also be given as a lens with no power in
the main portion of the lens, but with a small area of plus power in the lower portion

nation of the distance power and the add power is termedthe near power, or near RXx.

An example of how the power of the near addition is written in prescription
form is:
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O.D. 03.25 D sph
0O.S. 03.25 D sphAdd 02.00 D

By this it is understood that both lenses are to containa near segment whose
power of 02.00 D adds that muchmore plus power to that part of the lens.

In the above example, since an addition is made to the distance power, the
measured power through the dis- tance portion of the right lens is 03.25 D
sphere, and the measured power through the near portion is 05.25 D sphere
(Figure 19-2). In simpliyed terms, if the nearobject is at the focal point of the
near addition fieins,0the add allows incoming light to enter the distance lens as
if it were coming from a distant object. This way light focuses at the same point
as it does for distance vision (Figure 19-3).

To go one step further, consider an example of a lens that has both sphere
and cylinder power. If a lens has a distance power of 02.00 00.75 0 180 with a
02.00 D add,then the actual measured power through the near portion will be
04.00 00.75 0 180. This may be explained with two power crosses, as shown
in Figure 19-4. When both meridians are added together, the total near power
still contains the same cylinder power. Regardless of whether the distance portion
is plus or minus in power, the near portion is still the algebraic sum of distance
power and near add.
of the lens, as shown in Figure 19-1. This is the concept of a bifocal lens.

However, if the wearer does have a correction for distance, the extra required
power for near must be i a dddon @o the power found in the distance prescrip- tion
already being worn; hence the term near addition. The near addition is the same as
a small plus lens placedin the lower portion of the lens. For that reason, it is often
referred to as the near segment or, in abbreviated form, the seg. The net power

resulting from the combi-
Example 19-1

The distance portion of a lens is a 02.50 D sphere. The nearadd power is 02.50
D. What is the near power through the segment portion?

Solution
Since the total near power is calculated as:

(distance power) O (near addition) O (near power)
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Figure 19-1. A bifocal
segment is a small plus lens
positioned on a lens that
normally corrects for distance
vision. Here the bifocal is
placed on a lens that has no
power in the distance portion.

+3.25D
'

Figure 19-2. A bifocal addition is just thatd an
addition to the distance power. Here the distance
power of 03.25 D is supplemented with a 02.00 D
add for near viewing. The total power at near is
05.25 D. The 05.25 D power is the power that would
be used in a pair of single vision lenses intended to
be used only for reading.

Figure 19-3. A plus lens with a bifocal near addition.
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+1.25 D

+2.00
+3.25
+2.0 +4.00
+ =
+2.00
Distance power
Near power Total power
at near
Figure 19-4. The near portion of a lens having an
add of 02.00 D does not necessarily manifest a
02.00 D power, but rather will be the sum of the
distance power and near addition combined.
then

(02.50) 0 (02.50) 0 0.00

ability. This eliminates the need for an intermediate trifocal area. For this reason,
most trifocals are not avail- able in add powers below 01.50.

The total power through the bifocal will be zero. Looking at

the near power this way for people with lower minus-powereddistance prescriptions
makes it easier to understand why they are not enthusiastic about going into
multifocals. Theycan do very well just removing their glasses.

The Trifocal Intermediate

Some lenses have an intermediate area between distance and near portions. This area
is used for viewing objects that are not at the normal reading distance. Yet what is
being looked at is close enough to make clear visionthrough the distance portion
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impossible. The solution for these situations when using segmented multifocal
lenses is a trifocal (Figure 19-5).

In trifocals the power of the intermediate portion is normally one half that of the
prescribed near add. It is expressed as a percent. Normally the intermediate portion
will be 50% of the near add. Lenses for special intermediate viewing distances may
also be obtained having intermediate powers of 61% of the near addition.

To calculate the expected power through the inter- mediate portion of a trifocal
lens, yrst the prescribed trifocal percent of the near add is found. For example,a
lens having a 02.50 D add has an intermediate power that is 01.25 D greater than
the distance power. Since
01.25 D is half of 02.50, the lens has an intermediate power of 50%. This 01.25 D
intermediate add value is added to the distance power to ynd the expected total
intermediate power as measured in the lensmeter.

When to Use a Trifocal
Eyes that still have a limited ability to focus and only require additions of 01.50 D or
less will have clear visionin all areas of viewing. When looking through the upper
(distance) part of the lens, the eye can focus on objects at an intermediate distance
by using its own focusing

After the add power increases above 01.50, there will be intermediate areas of
vision that are not clear through either the distance portion or the near portion of
a normal bifocal. To see these areas clearly, the wearer will either have to look
through the upper part of the lens and back away from the object, or look through
the lower bifocal part of the lens and move closer. A trifocal inter- mediate will
furnish clear vision at this previously blurred in-between distance. (A progressive
addition lens will solve this problem as well. For more information on progressive
addition lenses, see Chapter 20.)

Terminology

Bifocals are available in a wide variety of segment shapes and sizes from small,
round segs to segs that occupy the entire lower half of the spectacle lens. Their
size and locations are qua n t i by mehns of a few standardized terms.

The size of a seg horizontally, or seg width, is measured across the widest
section of the segment area (Figure 19-6). If part of the segment area has been
cut away in edging the lens for the frame, the dimension is still considered to be
the widest portion that the segment had before edging.
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The longest vertical dimension of the seg is the seg depth. Seg height is
dependent on the frame for which the

Seg inset Inset
L ¥ or distance
i <><>  decentration
Distance Total 7
inset — [
2
< drop
i = Intermediat A
igure 19-5 ntermediate ‘A \
Seg height
|
¥
Y

~. _-

has three viewing areas.

Figure 19-6. The major reference point (MRP) of a lens is positioned in the
same vertical plane as the pupil and a few millimeters below it. If no
prescribed prism is present in the prescription, the MRP and the optical
center of the lens areone and the same point. (When prescribed prism is
present in the distance portion, the optical center is no longer in the same
location as the MRP.) The amount the MRP is moved laterally from the
geometric center of the lens is the inset or outset (alsoreferred to as distance
decentration). The additional amount the center of the near segment is moved
inward from the MRP is the seg inset. The inset plus the seg inset is known
as total inset(or total seg inset).
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No ledge
Ledge

Fused One-

piece Cement
Figure 19-7. A fused segment lens as shown on the
left is made using glass that has a higherindex of
refraction in the segment than in the main part of
the lens. One-piece lenses have a ledge that can
be felt and may be made from almost any lens
material. Cement segs are made by gluing a single
vision distance lens and a small, segment-sized
lens together.

lenses have been edged and is measured vertically from the lowest point on the lens
to the level of the top of the seg (see Chapter 5). Seg drop is the vertical distance
between the major reference point (MRP) of the lens andthe top of the seg.

The distance portion of the lens must be decentered from the geometric center
of the lens opening of the frame to correspond to the wearer sbinterpupillary dis-
tance (PD). This is referred to as inset or outset. The segment must be further
decentered to correspond to the near PD. This seg decentration is referred to as seg
inset.

Inset (or outset) 0 seg inset O total inset

(Outset would be written as a negative nhumber.)
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How Multifocals Are Constructed

Bifocals and trifocals are usually constructed in three main ways: fused, one piece,

and cemented (shown in cross section in Figure 19-7).

1. Fusedd Fused multifocals are available only in glass. The segment of the lens is
made from glass having ahigher refractive index than that of the distance fi arriero
lens.* A fused glass bifocal has no ledge or change of curvature on the front. The
segment cannot be felt because it is fused into the distance portion.

2. One pieced One-piece multifocals are made from onelens material. Any change
in power in the segment portion of the lens is due to a change in the surface
curvature of the lens. One-piece multifocals can be

*The distance lens is denoted the fcarrier fens because it is the portion to which the
multifocal segment is attached. The segmentis carried by the distance portion.

identiyed by feeling the segment border. If either a ledge or a change in
curvature is felt, the lens is notfused and is most likely a one-piece design.

One-piece multifocals may be made from any lens material. All plastic
lenses are made as one-piece multifocals. One-piece glass multifocals are
usually either the full-segment Franklin-style lens with the near portion
occupying the entire lower portion of the lens, or they are large round-
segment lenses.

3. Cementlensesd Cementlenses are custom-madelenses that have a small
segment glued onto the distance lens. Used only for specialized custom
purposes, such lenses are usually in the form of small, round segments.
Another occasionally used segmented lens is one thatis actually two lens

sections glued together. The upper half is a distance lens, and the lower half is

a near lens. Both are cut in half, and half of each is used. The most common

application for such lenses is for creating horizontal prism in the near portion

only.

TYPES OF BIFOCALS

There are a few major groupings of bifocal segment styles, but many variations
within those styles (Figure 19-8 and Table 19-1). The basic styles include round
segments, pat-top segments, curve-top and panoptik segments, and Franklin-
or Executive-style segments.

Round Segments
Round segments vary in size from a small lens of 22 mm up to the largest, 40
mm. The most common size is 22 mm. For large, round seg sizes, 38 mm
may be occa- sionally used. Logically the optical center (OC) of a round segment
is always at the center of the segment. The round segment lens is a versatile
lens because the
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SLVAWAW,

Round seg Flat top Curved top Panoptik

— )

B-seg (Ribbon)  R-seg (Ribbon)
Figure 19-8. A sampling of available bifocal segment types.

round segment can be rotated and still not look tilted. It can also be positioned at
odd locations on the lens, such as in the upper temporal corner of a golferd sight
lens. (Assuming, of course, that the golfer is right-handed.) This keeps the segment
out of the golfer6 svay and still allows access to a near add for score card marking
and reading.

Blended bifocals are round-segment bifocals with the border smoothed out to keep
the segment from being seen.

Flat-Top Segments

Flat-top segments are basically round segments with the top cut off. The top is generally
i c ofto 4.5 to 5.0 mm above the center of the segment. Stated another way, the
segment OC is about 5 mm below the seg line. This allows the lens segment to have
maximum reading width where a person will be reading. Very wide pat tops havethe
segment OC on the line. Flat tops are also known as D segs.

Flat tops are the mainstay of lined multifocal lenses. Segment sizes range from 22
up to 45 mm. Most pat topsused now are 28 mm or greater.

Curve-Top and Panoptik Segments

Curve-top segments look similar to pat tops, except that the upper line is arched,
rather than pat. There is a dis- tinct point on either corner. The top of panoptik seg-
ments are curved as well, but the corners are rounded.

Ribbon Segments

Ribbon segments are basically round segments with the top and bottom cut off.
There are two types: a B and anR segment. The B is only 9 mm deep and is good
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for someone who must be able to have distance vision belowthe bifocal area. Some
remember the letter and function by identifying fi Bwith bricklayer. Bricklayers often
work in high places and can appreciate the ability to look below the segment and
have clear distance vision.

The R segment has a 14 mm depth. It is seldom used as a regular bifocal
lens. The R-segment bifocal is the same lens that is modi ed to create the
i ¢ pensated R dsegment pairs that may occasionally be used for the correction
of vertical imbalance.

Both B and R segments have their segment optical centers in the middle of
the segment. Ribbon segments are available only in glass.

Franklin-Style (Executive) Segments

Franklin-style lenses are more commonly known by the trade name, Executive.
It is a one-piece lens with the segment extending the full width of the lens. The
lens has the advantage of a very wide near-viewing area.

There are some disadvantages to this lens. As the add power increases, the
segment ledge gets bigger and more unsightly. Because the thickness of the lens
is dependenton the near power rather than the distance power, the whole lens
is thicker than a pat top would be. Thickness also increases with each increase
in add power, making the lens progressively heavier. (It is possible to thin the
lens by using yoked base-down prism. This principle is used for progressive
addition lenses and is explained in Chapter 20.)

The Franklin-style bifocal has the segment OC on the segment line. For
this reason, some have referred to these lenses as fi mo n otrec@bifocals.
However, a monocentric bifocal is one where the distance and segment
OCs occupy exactly the same spot on the lens. It is possible for an Executive
lens to be monocentric, butonly if the lens is surfaced so that the distance OC
is onthe bifocal line at the same location where the segment optical center is
found. This would not be expected to happen using today& surfacing
practices.

If Executive lenses are used, it is important to avoid large eye sizes and large
effective diameters. A better alternative to the Franklin-style lens for someone
desir- ing a large bifocal reading area is a large pat-top lens,
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A Flat top trifocal

Franklin style (executive) B
trifocal

Distance

\

Intermediate 8 mm

C E/D trifocal
Figure 19-9. A-C, Types of trifocal lenses.

such as a pat-top 35. A large pat top will reduce weight and thickness, but still allow
as wide a near yeld of view.

TYPES OF TRIFOCAL LENSES

Most bifocal styles are also available in a corresponding trifocal style. Trifocals offer
the convenience of inter- mediate vision in a moderately large yeld of view (Figure 19-
9 and Table 19-2).
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Flat-Top Trifocals
Flat-top trifocals come with intermediate sections that vary in width from 22 mm
to 35 mm and in depth from6 mm to 14 mm (see Figure 19-9, A).

Any trifocal that has a depth of more than 8 mm should not be considered an
all timei wear lens. Such lenses are better for occupational situations requiring
a large intermediate working area. Trifocals are also

available with intermediate powers other than the stan-dard 50% intermediate.

Franklin (Executive) Trifocals

The Executive, or Franklin-style, lens is a full-width segment lens with a 7-mm full-
width intermediate (see Figure 19-9, B). It suffers from the same problems as the
Franklin-style bifocal lens and because of the very visible twin ledges, loudly announces
the wearerd seed for an age-related lens correction.

The E/D Trifocal

The E/D trifocal combines the characteristics of the Executive-type lens with a 25-
mm D ( p-top) segment (see Figure 19-9, C). It is constructed with a full, wide line
across the lens dividing the distance portion from the intermediate portion and looks
just like an Executive lens trifocal line. A pat-top segment is also placed in this lower,
intermediate-powered portion. This is the segment needed for the near-working
distance.

The lens is an excellent segmented lens for working at a desk. Intermediate
viewing is available not only in the area 8 mm above the near seg, but also on either
sideof the near segment. This gives clear vision for wide, armo -fength working areas
in every direction.

OCCUPATIONAL MULTIFOCALS

Any lens that is chosen by careful forethought and posi- tioned for a specialized
viewing situation may be classi- yed as an occupational lens. However, there are
certain lens styles that are spec i allycdesigned with certainwork circumstances in
mind. These lenses are called occupational multifocals (Figure 19-10 and Table 19-3).
The following three sections discuss those available at the time of this writing.
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Double-Segment Lenses

Some people require intermediate or near viewing while looking upward, including
plumbers, pharmacists, librar- ians, electricians, auto mechanics, and many
others in specialized working situations. Double-segment lenses were
developed with these types of individuals in mind. Double-segment lenses have
a segment in the normal position and a second segment at the top of the lens
(seeFigure 19-10, A). The two segments are normally sepa- rated by a 13-mm
or 14-mm vertical distance (see Table 19-3 for more detailed information).

Double-segment lenses are underused. There are a great many people who
would bene y ftom being able tosee at close range just by looking up through
an upper segment area. Instead they are required to tilt their head back in a very
uncomfortable position for long periods of time because no one has told them
that there is a lensthat could solve their neck problems.

The upper segment comes in a variety of power pos- sibilities. These include:
1. An upper segment that is identical in power to thelower segment.

2. An upper segment with a power that is ¥2 D lessthan the lower segment
power.
3. An upper segment that is a given percentage of thelower segment, such

as 50% or 60%, much like a

trifocal.

The right way to decide which segment is most appro- priate is to recreate the
wearer Owdrking situation, measure the working distances, and determine what
the upper power should be. Once that has been done, choosethe lens that fulylls
the prescribed power needs. (For information on how to measure segment
heights for double-segment lenses, see Chapter 5.)

Double-segment lenses are most commonly seen as pat tops, such as the
double D.

The quadrafocal lens is a double-segment lens with a pat-top trifocal on the
bottom and an upside-down pat-

A B C
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Distance

portion

Near
portion

~_

Double D (Occupational flat top)
Quadrafocal

Figure 19-10. Three types of occupational multifocals.
Rede-rite (Minus add upcurve)

top segment on the top (see Figure 19-10, B). It is appro- priate for those who have
need of both a trifocal and a double-segment lens. Since fquado means four, the
lens takes its name from the four distinct viewing areas. Thislens is only available
in glass.

The Minus Add i R eeeRite Bifocal

The Rede-Rite bifocal is a lens with a long history. It is a so-called upcurve bifocal
because it has a large round segment at the top (see Figure 19-10, C), most of which
is cut off after edging. This leaves the upper edge of the lower portion in the form of
a circle that curves upward; hence, the term upcurve. It is a minus add, which means
that the segment at the top has more minus power than the rest of the lens. In reality
the lens is a bifocal with a

Rede-Rite. (For more information on these occupational progressives, see
Chapter 20.)

ORDERING THE CORRECT LENS POWER EOR_READING GLASSES

When a spectacle lens prescription is written with an add power, it is often written
before a decision is made on what type of lenses are to be used. This means
that the prescription may have to be written in a different form when ordered so
that the same optical effect is main- tained. For example, if an individual wants
reading glasses only, the order form will not be written with an add, but will be
written for single vision lenses.
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huge add area at the bottom and a small distance-viewing area at the top. It is a lens
for people who want a seg- mented lens and need a full, near-working area. But they
still want to see clearly in the distance without taking their glasses off.

More versatile alternatives are progressive add lenses that have wide near portions
but also give clear, wide vision in the intermediate. Two such lenses are the AO
Technica and the Hoya Tact. The Technica has a small distance portion located in
the same place as that of the

Example 19-2
A prescription is written as follows:

00.2500.500 180
00.25 00.50 0 180
Add: 01.50

The wearer decides they do not want anything but single vision reading
glasses. What power would be ordered?

Solution

The power ordered for reading must be the same as would be found through the
bifocal segment. Earlier in this chapter, we stated that:

(distance power) O (near addition) O (near power)

Since reading glasses must be made for the near power, in this example, the near
power is ygured by adding the add power to the sphere power of the distance
prescription.

00.2500.500180
01.50
01.7500.500180

A common mistake is to simply order 01.50 D sphere for reading. The needed near
power is really 01.50 D sphere inaddition to the distance prescription. The add power
is added to the distance sphere power and the cylinder contained inthe distance
prescription to create the correct power for reading glasses. Astigmatism is still
present in the eye regardless of whether distant or near objects are viewed. This
requires that the cylinder power be included.
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Ordering the Correct Lens Power forintermediate and Near Only

Certain individuals work in circumstances in which theyneed to see at intermediate
and near-viewing distances only. A distance correction is not needed. It is as if they
need only the intermediate and near-viewing powers of a trifocal (Figure 19-11).

Example 19-3

A prescription reads as follows:

R:00.2500.250170L:00.2500.250010
Add: 02.50

The wearer has half-eye frames, is sat i switle them, andis not interested in a
distance prescription. The wearer needs to see at intermediate distances. The
decision is made to place a bifocal lens in the half-eye frame. What power lens
should be ordered?

Solution

To ynd the new fdistanc e pgower, we need to know what the power of the lenses
through the intermediate area of a regular trifocal in this prescription would be.

by

To do this, wemust yrst know the fi i mmeddate ad d . ©
A normal intermediate power is 50% of the near addition.Fifty percent, or half
of the 02.50 near addition, is:

02.504501.252

Therefore the top of the new half-eye bifocal must be the wearer sédistance Rx
plus the addition in the intermediate,or 01.25 D. For the right eye this is:

00.2500.250170
01.25
01.5000.250170

and for the left eye:

00.2500.250010
01.25

01.5000.250010

These are the powers of the new i d @nset ¢portions of thelenses.
The near portion of the half-eye bifocal must read the samein the lensmeter as
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a regular bifocal lens would have read if it had been made in the original
prescription. In the originalprescription, the near power for the right eye is:

Odistance power0
+ Onearaddition0
Onear power0Q

or

00.2500.250170
02.50
02.7500.250170

So through the lensmeter, the near power mustread: 02.75
00.25 0 170.

Distance

Intermediate

Intermediate

209
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normally
have
been
found.
This will
affect
how the
lens
must be
ordered,
with
even the
add
power
changin
g to
remain
correct.

(distance power) O (near addition) O (near power)
diate for the right eye is the wearerd slistance Rx plus theintermediate addition.

02.5001.250160

then we know by transformation

(near addition) O (near power) O (distance power) This can be written as:
Onear powerO

Odistance powerQ

Onear additionO

and for the left eye:
01.12
01.3701.250160
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02.5001.250015
112 01.12
01.3701.250015

So the add power is:

002.7500.2501700
0001.5000.2501700

01.25 add
Therefore the half-eye bifocal must be ordered as:

01.5000.250 170
01.5000.250 010
Add: 01.25

When ordered like this, the lens powers come out the sameas they would have in
the original prescription.

Example 19-4

After wearing a new pair of trifocals for awhile, the individualreturns, saying the trifocals
are acceptable, but do not have enough reading area through the intermediate area.
Instead they want a pair of bifocals just to wear at work. The strengththrough the top of
a new bifocal lens should be the sameas the existing trifocal intermediate. They do
like the size and strength of the near portion and want it left as is. Their current
prescription reads:

02.5001.250 160
02.5001.250015
Add: 02.25

Another pair of frames is chosen, and bifocal heights are measured. What powers
should be ordered for the new lenses?

Solution

First, determine the power through the present trifocal inter-mediate area. This could
be done with a lensmeter, but is better accomplished by looking at the written
prescription. Assuming that the intermediate is 50%, or half of the add power, the
i i mMediate add will be:
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02.2545091.122

The power of the new fi dtansedportion will be the powerthrough the old intermediate.
Power through the old interme-

To stay with the nearest quarter diopter, we must change the 01.37 sphere
power to either 01.50 or 01.25. We chooseto round up so thatthe new i d i setoda n
prescription for theright eye will be 01.50 01.25 0 160.

Next we need to know the near power of the prescription so that we can
determine the add power for the new glasses. In the original prescription, the near
power for the right eyeis:

Odistance power0
+ OnearadditionO
Onear additionO

or

02.5001.250160
02.25
00.2501.250160

Sothrough the lensmeter, the near power must read:
00.25 0 1.25 0 160.
Since

Onear powerQ
- Odistancepower0
Onear additionO

the new add power is

000.2501.250600
0001.5001.250 600
01.25 add

Therefore the half-eye bifocal must be ordered as:

R:01.5001.250160L:01.5001.250015
Add: 01.25

(NOTE: If we had chosen 01.25 0125 0 160 for the fdistancedpower when we
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rounded, the add power would have been 01.00 D.)

As demonstrated in the above examples, to maintain the intent of the
prescription, it is sometimes necessary to change the powers of the lenses.

Using these examples

A B C

Figure 19-12. A-C, The distance from the top of the seg to the seg
optical center varies with seg style. Three different seg styles, all set at
the same height, can have very different locations for their segment optical
centers.

as a beginning, it is possible to see how specialized eye- glasses can be designed to

suit spe ¢ i ngeds while main- taining the intent of the original prescription.

IMAGE JUMP

The segment portion of a bifocal lens is like a minilens. It has the same
characteristics as a normal single vision lens, except it is smaller. The bifocal section

is really a smaller lens on a larger lens. When the segment is round,

Solution

Since the segment is round with the seg OC in the middle, the upper bifocal
border is 11 mm above that center.When looking through a point 11 mm
away from the OC ofa 02.00 D lens, a prismatic effect is created equal to:

00cF0(1.1)(2.00)02.20
Therefore a 22-mm round seg of 02.00 D add power has animage jump of

2.200.

the segment&® oC will be exactly in the middle
the

of

seg (Figure 19-12, A). For example, if the segment is 22 mm round, the seg OC
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will be 11 mm from the top of the seg.

However, not all segs are round. Some are shaped with the upper section cut off
so that the upper dividing line is closer to the OC of the seg (Figure 19-12, B). It
is also possible to have a segment constructed such that the OC is exactly on the
upper line (Figure 19-12, C). The style of segment chosen depends on the wearerd s
occupational visual requirement.

One noticeable side effect of segment shape happens as a result of the position
of the segment OC compared with the location of the upper edge of the segment.
The farther from the OC the eye looks, the greater will bethe prismatic effect.

When wearers drop their eyes while wearing single vision lenses, prismatic effect
increases as the eyes travel downward. If the lens is a bifocal, the segment also con-
tains a prismatic effect. The value of the prismatic effect in the segment is dependent
on the location of the segment optical center. When crossing the border of the seg,
the prism induced by the distance portion is sud-

ACCOMMODATION AND EFFECTIVITY

There are several mysteries when it comes to comparing plus and minus lens

wearers. Here are a few of them:

 Why do hyperopic spectacle lens wearers seem to need bifocals or
progressives before myopic lens wearers?

 Why do middle-aged myopes sometimes have trouble with reading when
switching into contact lenses, but middle-aged hyperopes do not? In factthe
hyperopes going into contact lenses seem to postpone the need for a reading
correction.Why do some previous spectacle lensi wearing myopes have trouble
with reading after undergoing refractive surgery?

All of these questions stem back to the effect that spectacle lenses have on
what is called accommodative demand. In this section, we will be showing how
accom- modative demand is affected by spectacle lenses, com- pared with contact
lenses and no lenses at all.

Who Needs Bifocals or Progressives First,the Hyperope or the Myope?
The amount of accommodation required for an individ-ual to see clearly at near is
determined by three things:
1. The near-viewing distance
2. The power of the distance spectacle lensprescription being worn
3. The distance from the lens to the principal planesof the eye
The primary and secondary principal planes of the eye are those planes
perpendicular to the optic axis at which refraction of incident and emergent light is
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con- sidered to take place. The distance from the spectacle lenses to the principal
planes of the eye can be consid- ered as being the vertex distance plus 1.5 mm.*
There- fore this distance is the vertex distance plus 1.5 mm.

To tell who will need a bifocal yrst, consider the situ- ation of an emmetrope* who
wears no lenses at all. Suppose an emmetrope is wearing an empty frame at a 12.5-
mm vertex distance. No accommodation is required for viewing objects in the distance.

*According to Gullstrand's schematic eye, the principle planes of the eye are 1.47
mm and 1.75 mm behind the cornea.
AAn emmetrope is neither nearsighted (myopic) nor farsighted (hyperopic).
YIn this case, the vergence of light is found by taking the reciprocal of the distance in
meters from the eye to the source.

007.76 D

For a near object at 40 cm, the vergence of light striking thelens is 1/00.40, which
is the same as 02.50 D (Figure 19- 14). This vergence must be added to the
power of the lens to ynd the vergence of light leaving the lens. The vergenceof
light leaving the lens is:

01 0pro %
00.40

Zero entering vergence

+7.00 D
exiting vergence

vergence atP.P.=+7.76 D

40 cm

A

- )-|-1 _—
Figure 19-13. When light travels through a

spectacle lens, the vergence of light reaching the
eye is different from the vergence of light that left
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the back surface of the lens.

-2.50 D
entering vergence

+4.50 D
exiting vergence

pp. VvergenceatP.P.=+4.80D

¢

40 cm 22.2cm

(222 mm) 20.8cm

< a-—’-(

Figure 19-14. The amount of ocular accommodation
required is the difference between distance and near
vergence at the eye. In this case the amount of
ocular accommodation required is 07.76 0 4.80 O
02.96. This is more than the approximately 02.50 D
of accommoda- tion expected for an object viewed
at 40 cm.

This means that the vergence of light for the near object atthe principal planes of the
eye would be:

901 0gpg°

If, then for a 07.00 D hyperope, the amount of accommoda-tion required to
clearly see an object at 40 cm would be
07.76 04.80 0 2.96 D. This amounts to approximately % D
more accommodation required than for an emmetrope.

If the same calculations were done for a 07.00 D myope, the ocular
accommodation would be found to be only
02.00 D. This is less than would normally be expected. In

0 00.400
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other words, a 07.00 D hyperope wearing single vision lenses
o— 1
01 Oqg
02.500 Fv00
o 1
0_1 000.014
002.5007.000

o—1
¢ 91000.01445

o
0.208

004.80D

must accommodate almost a full diopter more to clearly see an object
at 40 cm than a 07.00 D myope. This means that a spectacle-
wearing hyperope will require a near addition to their glasses
before a myope will.

I|—\|

How Contact Lenses Affect Required Accommodation In
spite of differences in required accommodation for spectacle
lensi wearing myopes and hyperopes, a contact lensi wearing
hyperope will not need bifocals any soonerthan a contact lensi
wearing myope. This is because the spectacle lenses are the
factor causing the difference inaccommodation required. Contact
lenses rest directly on

the eye. This will return high plus and high minus lens wearers to a situation that
closely resembles the emme-trope, equalizing accommodative differences.

What Happens as Add Power Increases

Interestingly, once a spectacle-lens wearer goes into bifo- cals, as the add power
increases, differences in the amount of accommodation required for hyperopes and
myopes decrease. When full presbyopia is reached, the 07.00 D hyperope does not
need the nearly 03.00 D add that might be expected. This is because light from 40 cm
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diverges to

02.50 D at the spectacle plane, but the 02.50 add in the spectacle plane changes
the diverging light back to paral-lel. Thus light rays leaving the add enter the distance
lens parallel and are able to be focused on the retina just as ifthey were coming from
a distant object.

Determining Occupational Add Powers for NewWorking Distances

When someone needs a second pair of glasses for a spe- ¢ i Yocupational need,
the working distance may not be the same as it is for normal wear. Usually the near
pre- scription has been determined for a 40-cm working dis- tance. At the new
working distance, the wearer needs to be accommodating the same amount as they
did for theirregular working distance. This ensures that the near prescription will be
neither too strong nor too weak. Therefore there must be a change in the add power.
The prescriber can test at this new working distance and ynd the correct add power, or
if the prescription is already written, it is possible to calculate the new add power
using the optical principles previously described.*

Why Some Nonpresbyopes Need a DifferentCylinder Correction for Near
Occasionally a nonpresbyope with an occupation requir- ing intense near work
complains of eye fatigue with nearviewing. In spite of all efforts on the part of the
examinerto uncover the source of the problem by checking and rechecking the
refraction, the solution remains illusive.

When the prescription contains a high cylinder power, there may be an optical
answer that is not immediately obvious.

As shown previously, the power of a spectacle lens will affect the amount of
accommodation required for near viewing. A spectacle lens containing a large
cylinder com- ponent has a considerable difference in refractive power between
its two major meridians. This means that a single vision lens wearer may require a
different amount of accommodation for one meridian of the lens than for the other
when comparing the effectiveness of that lens at distance and near. If the
distance sphere power is also large, this effect can be even more signiycant. The
net effect of these differences results in a new astigmatism at near that is dif- ferent
from the value found for distance vision. This newamount of astigmatism is not
fully corrected at the near reading distance and may be the root of the problem.

The initial response may be to calculate a new cylin- der correction for near.
Yet rather than try and calculate a new cylinder correction to remedy the near
problem, the best solution is to test for cylinder power and axis for near vision.
Retesting with a near target during refraction is better than recalculating
because there can sometimes be a slight amount of cyclorotation® of the eyes
on convergence. A slight cyclorotation will change the cylinder axis. Therefore
in cases like this it is best to test for both cylinder power and axis at near.

If there is a difference between distance cylinder values and near cylinder
values, a second, single vision pair of glasses is needed for near work.
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Fortunately, this problem also resolves as presbyopia advances.

Sample Questions:

1. Describe how multifocals are constructed?

Bifocals and trifocals are usually constructed in three main ways: fused, one piece,

and cemented (shown in cross section in Figure 19-7).

4. Fusedd Fused multifocals are available only in glass. The segment of the lens is
made from glass having ahigher refractive index than that of the distance fi arriero
lens.* A fused glass bifocal has no ledge or change of curvature on the front. The
segment cannot be felt because it is fused into the distance portion.

5. One pieced One-piece multifocals are made from onelens material. Any change
in power in the segment portion of the lens is due to a change in the surface
curvature of the lens. One-piece multifocals can be

*The distance lens is denoted the i arrier kens because it is the portion to which the
multifocal segment is attached. The segmentis carried by the distance portion.

identiyed by feeling the segment border. If either a ledge or a change in
curvature is felt, the lens is notfused and is most likely a one-piece design.

One-piece multifocals may be made from any lens material. All plastic
lenses are made as one-piece multifocals. One-piece glass multifocals are
usually either the full-segment Franklin-style lens with the near portion
occupying the entire lower portion of the lens, or they are large round-
segment lenses.

6. Cement lensesd Cementlenses are custom-madelenses that have a small
segment glued onto the distance lens. Used only for specialized custom
purposes, such lenses are usually in the form of small, round segments.
Another occasionally used segmented lens is one thatis actually two lens

sections glued together. The upper half is a distance lens, and the lower half is

a near lens. Both are cut in half, and half of each is used. The most common

application for such lenses is for creating hori- zontal prism in the near portion

only.

2. Discuss different types of bifocals?

TYPES OF BIFOCALS

There are a few major groupings of bifocal segment styles, but many variations
within those styles (Figure 19-8 and Table 19-1). The basic styles include round
segments, pat-top segments, curve-top and panoptik segments, and Franklin-
or Executive-style segments.

Round Segments

Round segments vary in size from a small lens of 22 mm up to the largest, 40
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mm. The most common size is 22 mm. For large, round seg sizes, 38 mm
may be occa- sionally used. Logically the optical center (OC) of a round segment
is always at the center of the segment. The round segment lens is a versatile
lens because the

SLYAAW

Round seg Flat top Curved top Panoptik

o )

B-seg (Ribbon)  R-seg (Ribbon)
Figure 19-8. A sampling of available bifocal segment types.

round segment can be rotated and still not look tilted. It can also be positioned at
odd locations on the lens, such as in the upper temporal corner of a golferd sight
lens. (Assuming, of course, that the golfer is right-handed.) This keeps the segment
out of the golferé svay and still allows access to a near add for score card marking
and reading.

Blended bifocals are round-segment bifocals with the border smoothed out to keep
the segment from being seen.

Flat-Top Segments
Flat-top segments are basically round segments with the top cut off. The top is generally
fi ¢ offd 4.5 to 5.0 mm above the center of the segment. Stated another way, the
segment OC is about 5 mm below the seg line. This allows the lens segment to have
maximum reading width where a person will be reading. Very wide pat tops have the
segment OC on the line. Flat tops are also known as D segs.

Flat tops are the mainstay of lined multifocal lenses. Segment sizes range from 22
up to 45 mm. Most pat topsused now are 28 mm or greater.

Curve-Top and Panoptik Segments

Curve-top segments look similar to pat tops, except that the upper line is arched,
rather than pat. There is a dis- tinct point on either corner. The top of panoptik seg-
ments are curved as well, but the corners are rounded.

Ribbon Segments
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Ribbon segments are basically round segments with the top and bottom cut off.
There are two types: a B and anR segment. The B is only 9 mm deep and is good
for someone who must be able to have distance vision belowthe bifocal area. Some
remember the letter and function by identifying fi Bwith bricklayer. Bricklayers often
work in high places and can appreciate the ability to look below the segment and
have clear distance vision.

The R segment has a 14 mm depth. It is seldom used as a regular bifocal
lens. The R-segment bifocal is the same lens that is modi gd to create the
fi ¢ pensatedd® @segment pairs that may occasionally be used for the correction
of vertical imbalance.

Both B and R segments have their segment optical centers in the middle of
the segment. Ribbon segments are available only in glass.

Franklin-Style (Executive) Segments

Franklin-style lenses are more commonly known by the trade name, Executive.
It is a one-piece lens with the segment extending the full width of the lens. The
lens has the advantage of a very wide near-viewing area.

There are some disadvantages to this lens. As the add power increases, the
segment ledge gets bigger and more unsightly. Because the thickness of the lens
is dependenton the near power rather than the distance power, the whole lens
is thicker than a pat top would be. Thickness also increases with each increase
in add power, making the lens progressively heavier. (It is possible to thin the
lens by using yoked base-down prism. This principle is used for progressive
addition lenses and is explained in Chapter 20.)

The Franklin-style bifocal has the segment OC on the segment line. For
this reason, some have referred to these lenses as i mo n otreccebifocals.
However, a monocentric bifocal is one where the distance and segment
OCs occupy exactly the same spot on the lens. It is possible for an Executive
lens to be monocentric, butonly if the lens is surfaced so that the distance OC
is onthe bifocal line at the same location where the segment optical center is
found. This would not be expected to happen using today& surfacing
practices.

If Executive lenses are used, it is important to avoid large eye sizes and large
effective diameters. A better alternative to the Franklin-style lens for someone
desir- ing a large bifocal reading area is a large pat-top lens,
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A Flat top trifocal

Franklin style (executive) B
trifocal

Distance

\

Intermediate 8 mm

C E/D trifocal
Figure 19-9. A-C, Types of trifocal lenses.
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Unit 10:
Progressive Additional Lenses

Learning Objective:

At the end of this chapter, students will be able to learn:
1. Indications, uses, advantages, disadvantages of P A k.0
2. Selection of lens and frames for PALG.
3. Verification of lenses and frames.

Progressive addition lenses are sometimes referred to as invisible bifocals. However,
invisible bifocals have round segments where the demarcation line

between the distance portion and the bifocal segment has been polished out, causing
the two areas to appear as if blended together. Invisible bifocals are really blended
bifocals, not progressive addition lenses.

SECTION 1
Measurement and Dispensing ofProgressive Lenses

Progressive addition lenses are made with the help of specially designed front surface
curves. These changing surface curves cause the lens to gradually increase in plus
power, beginning in the distance portion and ending in the near portion. These
variable-powered progressive addition lenses should, according to design, permit
clearvision at any given viewing distance merely by positioning the head and eyes.

PROGRESSIVE LENS CONSTRUCTION

Like a segmented multifocal, a progressive addition lens, or PAL, has certain distinct
areas to the lens. But those areas in a progressive lens are not visible. If we were able
to see them, they would look like the lens in Figure 20-1.

The upper portion of the lens is basically the distance portion. The near portion of the
lens, where the full nearaddition power is found, is down and inward. In between the
distance and near portions is a progressive corridor where the power of the lens is
gradually changing.

SELECTING THE FRAME

When choosing a frame for someone wearing a progressive addition lens, there must
be enough room for the progressive zone and near portion. Because these areas are
not visible like a bifocal segment is, they may be unintentionally cut off. This was a
problem when progressive lenses were yrst introduced in the United States. At that
particular time, many frames had narrow vertical dimensions. When progressive lenses
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were dispensed in these frames, much of the near portion was cut off. Since people
could not see very well up close, dispensers falsely concluded that the lenses were no
good, So, frame selection is an important part of ytting progressives. Here are some
important points to keep in mind:

The frame must have sufycient vertical depth. Each lens type has a
manufacturer-recommended minimum ytting height. The recommendations of

the lens manufacturer should be followed. Standard minimum progressive
addition lens ytting heights will vary, going down to a low of about 18 mm. If
there is not enough vertical depth to allow the minimum ytting height, then either

a different frame must be chosen, or a special short corridor lens that is
designed for frames with a narrow vertical dimension should be used.
Otherwise, therewill not be enough reading area left.

The frame must have s u fieptdens area in the lower nasal portion where the
near progressive optics are found. Sometime the frame has a large enough
fi B dimension, but the shape is cut away nasally. Aviator shapes are an
example of this type of frame.

The frame should have a short vertex distance. The closer the frame is to the
eyes, the wider the yeld of view will be for both reading and distance vision.

The frame must be able to be adjusted for pantoscopic angle when facial
structure will allow al0- to 12-degree angle is recommended. The intermediate
and near yelds of view are effectively wider when the progressive and near
zones are closer to the eyes.

The frame must have sufycient face form. This also allows a wider viewing area
through the progressive corridor Frame selection criteria for progressive lenses are
dis- cussed in greater detail in Chapter 4. The reader isencouraged to review this
section, noting especially Figure 4-14.

CHOOSING THE RIGHT TYPE OF PROGRESSIVE

Most progressive lenses are made for general purpose wear since the majority of
wearers only have one pair of glasses. Although general purpose progressives work
formost people, here are some additional considerations:
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Figure 20-1. The basic construction of a progressive addition lens consists of a distance
portion in the upper lens area, a near portion in the lower central area (slightly
displaced nasally), and a progressive corridor between the distance and near areas
where power gradually increases. On both sides of the progressive and near zones are
areas containing a certain amount of unwanted cylinder. New designs are able to
control the optics in these peripheral areas better, making them considerably more
useful than might be anticipated.

1. What type of general-purpose progressive is appropriate? It is possible to
choose a certain type of general-purpose progressive to yt the needs of the
wearer. This is discussed in more detail in Section 2 of this chapter under
General Purpose Progressives.

2. Does the wearer have a sig n ¢agt amount of cylinder power in the prescription?

If so consider using a lens design that is atoric. (See the sections found on
pages 474 and 475, beginning with fDesigns Using Aspheric and/or Atoric
Surfacing Metho d s Usiny such a design will reduce the amount of unwanted
distortion that will otherwise be present in the periphery of the lens.

3. If the vertical A B dimension of the frame is small, choose a short corridor
progressive lens. A short corridor lens is still used for general purposes, but is
meant for this type of frame. For more on this topic, see Section 3, Specialty
Progressives.

4. Does this person use a computer a lot? Do they work in a small ofyce
environment where intermediate vision is important? If so they may need a near
variable focus occupational progressive lens. This type of lens is made for closer
viewingdistances through the top of the lens and has both awider intermediate
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progressive corridor and a wider near-viewing area. An occupational progressive
lens should not be used as a persond ®nly pair of glasses, unless this person
does not need a distance prescription and would otherwise only be wearing
reading glasses. These lenses should be considered for a second pair of

glasses. For more on this topic, see Section 3, Specialty Progressives.

MEASURING FOR AND ORDERING THE PROGRESSIVE

A progressive addition lens has a rather narrow progressive corridor linking the
distance and near portions of the lens. It is through this corridor that intermediate
vision takes place. Unless the eye tracks down the exact center of this corridor,
the lenses do not work very well. Therefore, PD measurements must be taken
for each eyeindividually and an exact vertical height spec iedfor each eye.

To help make sure the progressive corridor is where it should be, the
manufacture uses a fitting cross. The ytting cross is usually 4 mm above the
start of the progressive corridor and is intended to be placed exactly in front of
the wearer® pupil center.

Standard Method for Taking ProgressiveLens Fitting Measurements

The following measurement techniques are applicable toall manufacturers or

designs of progressive lenses, provided the centration chart of the speciyc

manufactureris used for the lenses being measured. An example of such a chart

is shown in Figure 20-2.

1. Measure monocular distance PDs. The recommended method is to use a
pupillometer. (Theuse of a pupillometer is explained in Chapter 3.)

2. Fit and fully adjust the actual frame to be worn. This includes pantoscopic
tilt, frame height, vertexdistance, face form, and notepad alignment. Make
certain the frame is straight on the face. If the temples are not adjusted, hold
the frame in place while measuring so that it will not slip down the nose.

3. If the frame does not contain clear plastic lenses orthe wear e rold Enses,
place clear (non frosted), transparent tape across the eye wire of the empty
frame.

4. The dispenser is positioned with his or her eyes at the wearer Oege level. With
the wearer looking at the bridge of the yit e rndése, the dispenser draws a
horizontal line on the lens or tape. The line should go through the center of the
pupil. This is done for both right and left eyes. Place the frame on the
manufacturerd sentrationchart and move it left or right until the bridge is centered
on the diagonally converging central alignment pattern. Then move the frame up
or down until the marked horizontal pupil center linesare on the cha r thdrizontal
axis (Figure 20-3). Mark the previously measured PD for each eye as a vertical

line that crosses the horizontal one (Figure 20-4).
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Figure 20-2. The manufacturer® centration chart allows for easy reading of the
ytting cross height. When monocular interpupillary distances have not been
previously measured with a pupillometer but were marked on the lenses, their
distances may be easily determined with the help of the horizontal scale on the chart.
(The circles are for determining minimum blank size.) (Courtesy of Essilor of
America, Dallas, TX)

Figure 20-3. For this pair of glasses, the ytting cross
heights are marked. The frame bridge is centered on
the arrowhead lines. The ytting cross lines are
positioned on the horizontal line, and their heights read
as the lowest level of the lens on the lower, horizontal
line scale.

227



5. For yrst one lens, then the other, read the ytting cross heights from the chart.
(Fitting cross height isthe vertical distance from the ytting cross to the level of
the inside bevel of the lower eyewire of the frame.) Record these ytting cross
heights and the monocular PDs on the order form and in the weareré gecord.
(Note: Fitting cross heights are usually erroneously referred to as major reference
point (MRP) heights, which they really are not.)

6. Check the size and shape of the frame on the lens picture portion of the
centration chart. Do this by placing the frame on the lens blank circles of the
centration chart so that the cross on the glazed lensoverlaps the ytting cross
on the picture (Figure 20-5). The circle should completely enclose the frame&
lens shape.

7. Send the frame to the laboratory with the marksstill on the lenses or tape.

Fitting Cross Heights for Children

Progressive addition lenses are sometimes used for children. If they are, it is
recommended that the lenses be ytted 4 mm higher than normal. An example of
when progressives might be used for children is in the case of accommodative
esotropia. The only time a child would not be ytted 4 mm higher than pupil center
would be if the child has no accommodation, as after cataract surgery. In this case
the ytting cross is positioned normally.

A ytting cross height 4 mm higher than the pupil center helps to ensure that the
child is actually looking through the near zone for reading. This is consistent with
the recommendation for children6 $ifocal ytting height. For children bifocals are
normally yt with the segment line at the center of the pupil. Children adapt well to
a 4-mm ytting cross raise and use the near portion for their near

The progressive addition lens wearers were yt with the ytting cross 4 mm above the
pupil center. Most children with mild to moderate myopia are able to successfully
adapt to PALs with a modi gd ytting protocol4 mm higher than the adult standard
protocol. This higher ytting protocol will help ensure that children are getting the
full be n e of the near addition. Just like with adults, it is important to demonstrate
and reinforce the proper use of PALs to children, including possible changes in
head posture, head movements, and eye movements, as well as providing
information about possible initial adaptation symptoms.
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Figure 20-4. In preparation for checking whether a lens blank will be large enough for
the frame chosen, the weareré soreviously measured monocular interpupil- lary
distances are marked on the lens.

Figure 20-5. To see if the lens blank will be large enough for the frame, the ytting
cross that has been drawn on the glazed lenses is placed over the ytting cross in the
picture of the lens blank. The smallest lens size that completely encircles the edged
lens or lens opening is the minimum blank size needed. If the largest pictured lens
blank size fails to encircle the edged lens or lens opening, the frame is too large, and
another frame must be selected.
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Alternative Methods for Taking ProgressivelLens Fitting Measurements
Marking a Cross on Glazed Lenses or Tape

Sometimes a pupillometer is not available for measuring monocular PDs. If this is
the case, here is a method that uses only an overhead transparency pen and the
frame:

1. Fully adjust the frame to yt the wearer correctly.

2. Position yourself at the same level as the wearer and approximately 40 cm
away.

3. Close your right eye and instruct the wearer to lookat your open left eye.

4. Use an overhead transparency marking pen to mark a cross on the right lens. If
there is no lens in the frame, place clear tape across the lens opening and mark
the tape instead. Draw the cross directly over the center of the wearer& right
pupil (see Chapter 3, Figure 3-5).

5. Next close your left eye, open your right eye, and instruct the subject to look at
your open eye. Thenmark a cross on the lens or tape directly over the left pupil
center.

6. Because of the movement involved in marking pupil centers and the ease with
which unintentional head movement can occur, it is important that these markings
be carefully rechecked. If the wearer turnsthe head slightly to one side, an error
in monocular PDs will occur. It may be hard to catch this error since both
monocular PDs may be slightly off, butstill add up to what would otherwise be a
correct binocular PD.

7. When you are con yetit that pupil centers are accurately marked, remove the
frames. Measure and record the distances from the center of the bridge tothe

center of each cross using the progressive lens manufacture r éestration chart.
For those who prefer to use corneal repections instead of the geometric center of the
pupil, a penlight positioned directly below the dispense r 6pgn eye will provide the

source for the needed r e p e c(deé¢ ©hapter 3).

Using the Red Dot Procedure to Subjectively Verify Fitting Cross
Positions

To subjectively verify the position of the ytting cross, use the preceding method, but
either substitute a red dotfor the cross, or draw a red dot in the center of the cross.
When measurements are complete, ask the wearer to look straight ahead and view
a distant object. The object should appear pink if the wearer is correctly viewing
through the red dots. First one eye and then the otheris covered. If the wearer
must move the head to see pinkwith either or both eyes, the lenses need to be
remarked.3
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VERIFYING A PROGRESSIVE LENS

Major Points or Areas

When the Rx is returned from the laboratory, it contains removable markings, such
as a distance power arc, the ytting cross, horizontal dashes, and a prism reference
point (PRP) dot. It may also contain a near-point power circle (Figure 20-6). The
distance power arc indicates the recommended position of the lens through which
the distance power should be read on the lensometer.
1 The distance reference point (DRP) is at the centerof the arc.
f The ytting cross will normally be centered in the pupil.
f The two horizontal dashes to the left and right sides of the lens help to tell if
the lens is level ortilted.
1 The centrally located PRP dot is used to verify prism power. This is the
same as the MRP.

——

Figure 20-6. A progressive addition lens usually arrives with visible markings or a
decal. These markings are used for ve r catipn and ytting purposes and are shown
in the photograph. The upper semicircle or parentheses area is where the lens is
veriyed for distance power. The ytting cross should fall directly in front of the pupil.
The dot directly below the ytting cross is the location of the prism reference point
(major reference point) and is where prismatic effect is ve r i yThedawer circle is
where near power is veriyed. The left and right sets of dashes denote the location
of hidden marks used for remarking the lens once the visible markings shown here
have been removed. The left and right sets of carets <> bracket the locations of
the hidden identifying trademark and the marking for the add power. A hidden
trademark, whether denoted by an oval or not, is on all progressive lenses and is
important in identifying the brand of an unknown progressive lens.The circle in
the lower part of the lens locates the near reference point (NRP) and is used to
verify near power (Figure 20-7).
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it is preferable that these markings on the surface of the progressive lens be left
on the lens until the ynished prescription is both ve r i yar@ ¢tted on the patient.
This enables the dispenser to verify the powers at far and near and to more easily
judge the accuracy of the positioning of the lenses on the wearer& face when the
frameis ynally adjusted. When the temporary markings are gone, they can be
reconstructed using hidden surface engravings.

Verifying Distance Power, Prism Amount,and Add Power

The distance power of a progressive lens should be measured with that portion of
the lens that is marked by the distant power arc or circle positioned in front of the
lensmeter aperture (Figure 20-8). The place where distance power should be
measured is set by the manufacturer and is known as the DRP. Prism, however,
is measured at the speciyed locationof the PRP (Figure 20-9), even though the
target may Progressive lens fitting and verification points

Distance reference point (DRP)

- . ™ | -
\ \
\
\

-

Prism re¢ference pgi_nt(P@

Fitting cross

Near reference point(NRP)

Figure 20-7. In verifying a progressive addition lens, the distance
power is veriyed higher on the lens than it would be on any other
type of lens. The manufacturer determines where it should be
veriyed, calls it the distance reference point (DRP), and marks its
location with a semicircle. Prism is ve r ed yat the prism reference
point (PRP), which is the same thing as the major reference point
(MRP). (Note that the ytting cross where the pupil center is located
is not the same as the MRP. Nevertheless, many dispensers
erroneously use the terms @ yng tcrioss heightdo and AMRP heighto
interchangeably.) The add power is veriyed at the location set by the
manufacturer, marked with a circle, and called the near reference
point (NRP). No veriycation is done at the ytting cross.
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Figure 20-8. To verify distance power on a progressive addition lens,
the lens must be positioned with the arc around the lensmeter aperture
as shown. This ensures that the power reading will not be affected by
the changing power in the progressive zone.

In practice the power of the near addition is seldom measured for progressive lenses.
This is because the near addition power amount appears as a hidden number on the
front surface of the lens. Instead of using the lens- meter for near power, verifying this
hidden number is common practice.

Verifying Fitting Cross Height and Monocularinterpupillary Distances

Fitting cross height and monocular PDs can be checked by centering the bridge of the
glasses on the diagonally converging central alignment pattern of the manufacturer 6 s
centration chart. The horizontal lines on the lens must be on (or parallel to) the
horizontal axis of the centration chart with the ytting cross height at the fzero devel.
From this position, the monocular PDs and ytting cross heights can be veriyed.

It is important to verify the location of the hidden engravings on the lens as well (Figure
20-12). This will ensure that the lens is indeed properly marked. It is not unusual for
the laboratory to have to reapply the visible markings if they were removed during
processing. If the visible markings appear correct but the hidden engravings do not
coincide with them, the lens is not correct.

Locating the Hidden Engravings on aProgressive Lens

All progressive lenses have fairly similar markings or engravings on their surfaces.
These markings are directly used to identify design, manufacturer, and add power.
They are used indirectly to reconstruct the temporary markings that allow distance
power, PRP, and near power to be found. The engravings that allow reconstruction of
temporary markings are found in the forms of circles, squares, triangles, or trademarks
at lateralpositions on either side of the lens.
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On most brands, the power of the add is engraved 4 mm below the temporal
symbol, although it may be above that symbol on some. On many brands, but
notall, a mark identifying the design or the manufacturer is engraved 4 mm below
the nasal symbol. The hidden engravings can sometimes be hard to see. The
following three sections discuss methods that may help dispensers locate them.

Use a Black Background

Using a black background, hold the lens so that there is plenty of light on it. It is
often helpful to locate the light source on the other side of the lens, off to the side
or above it. Tilt the lens to inspect the front surface from different angles until the
markings become visible.

Use a Fluorescent Bulb

It may be possible to ynd the hidden markings on a lens by using a puorescent
light source behind the lens. To use this method, hold the lens up with a puorescent
ceiling light in the background and view the lens surface.

Use a Hidden Circle Finding Instrument

The Essilor instrument for ynding hidden circles con- sists of a magni y and an
area for the lens that is illuminated with a bulb. This facilitates lens i d e ratioh i ¢
a controlled manner (Figure 20-13). Markings are considerably easier to see because
they are clearer and also appear larger. Figure 20-14 shows a view of what the hidden
markings look like through this instrument.

Identifying an Unknown Progressive Lens

When someone is wearing a progressive lens and the lens manufacturer, lens design,
or lens material of the progressive are unknown, the hidden markings will reveal
the needed information. Remember that normallya hidden marking identifying the
design is engraved

4 mm below the nasal hidden circle or symbol. To filecodeo these markings, look
in the Optical Laboratory

Progressive lens reference points

Hidden reference
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Figure 20.9. Manufacturers place hidden marks on the front surface of a progressive
lens for four reasons: (1) to identify their product so that the dispenser is certain the
product is the brand ordered, (2) to identify unknown lenses already being worn, (3) to
indicate power, and (4) to provide reference points to allow the reapplication of visible
markings for veriycation purposes. In this illustration, the number 17 indicates a
D1.75 D add power.

Hidden add power engraving

Manufacturerd $idden identifying logo

Associationd §OLA) Progressive Identifi er (Figure 22-15). This publication shows
pictures of each type of progressive lens with all their hidden markings. In the front
is an index by symbol. Find the symbol in the index and look up the lens on the
appropriate page. The Progressive Identifi er gives information on lens type, material,
ytting cross location, and minimum recommended ytting height. It is available
through wholesale optical laboratories or direct from the OLA.

Remarking a Lens Using Hidden Engravings

To remark a lens, the two hidden engraved circles (or marks) can be emphasized by
dotting their centers on the front side with a thin felt-tip or yber-point pen. These dots
are then placed on the respective manufactureré sentration or veri y @madhart. The
other markings for the power control circle, ytting cross, and optical center (OC) can
be traced from the chart. Alter natively a set of plastic dispensing decals may be
used, ifavailable. The decals form a set of two, one for each eye, with the near circle
decentered nasally on each.
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Figure 20-13. This Essilor instrument allows the hidden markings on a progressive
addition lens to be seen much more easily than with the naked eye. The open
placement of the lenson the instrument means that the markings can be dotted with
a marking pen while looking through the instrument.

Figure 20-14. This photo shows the permanent, hidden marking on a progressive
addition lens using the Essilor instrument. The permanent lens ide n t iion dogot
is found between the nonpermanent, caret marks. (The photographic view through
the instrument as seen in this ygure has been retouched for clarity.)
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Figure 20-15. This is a page from the Optical Laboratory
Association6 s(OLA) Progressive Identifi er used to ynd
information about progressive addition lenses.

DISPENSING PROGRESSIVES

Validation on the Patient

Once the prescription has proved to be correct, it is adjusted to yt the wearer. Normal

frame ytting rules apply. In addition, to provide the maximum possible yeld of view,

adjust the frame for:

1. A small vertex distances

2. Adequate face form

3. A maximum pantoscopic tilt that still looks appropriate for the wearer
With the visible markings still on the lenses, also check the following:

1. The ytting crosses should be in front of each pupilcenter. (Ensurance of the
placement of the ytting crosses is especially important when the two eyes are
not at an equal vertical height.)

2. The horizontal dashes on the lenses should be exactly horizontal and not
tilted.
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Removing the Visible Markings

The visible marks that are on a progressive addition lenswhen it comes back from
the laboratory are nonwater soluble. To remove them, use alcohol or an alcohol
swab. Sometimes these marks can be stubborn. Some say that stubborn markings
will come off easier if the lens is yrstheated in the hot air frame warmer. The alcohol
may work better on the heated mark.

Instructing the Wearer at Dispensing

Adapting to progressive lenses can be made easier for a new wearer if the
characteristics of the lenses are demonstrated at the time they are dispensed.

To demonstrate the full range of progressive lens versatility, hold a near-point chart at
eye level at an inter- mediate distance. Instruct the wearer to look directly at the
near-point card through the distance portion. Next ask the patient to tilt his or her head
back until the letters on the card are clear. Gradually, bring the card closer to the eyes
as the head is tilted still farther back, demonstrating the full range of viewing
available.

More head movement is required with progressive lenses. Therefore, some ytters
recommend instructing the wearer to yrst point his or her nose at the object to be
seen, then to move the head somewhat up or down until things clear.

Attention should also be called to any distortion present during peripheral gaze so the
wearer understands that this is to be expected. While the wearer holds the head still,
demonstrate areas where vision is not as clearby moving the near-point card to the
left and right inthe reading area while the wearer follows the card with the eyes. As
observed in some studies, adjustment to distortion and increased head movement are
adaptations that depend on steady wear of the lenses. In other words, wearing the
lenses at all times will speed the adaptation process. Emphasize this point to the
new wearer.

Once again remember that it is better to point out any areas of distortion, rather
than having the wearer fdis- covero them and report back with a problem. If this
lens characteristic is pointed out ahead of time, the dispenseris considered to be
knowledgeable when it occurs. If thewearer discovers the problem and points it
out, the dispenser is in the awkward position of having to explain after the fact.
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TROUBLESHOOTING PROGRESSIVE PROBLEMS

Most problems encountered by progressive lens wearers are a direct result of basic
ytting principles being ignored. Here are a few typical errors that should never occur,
but do.

1 One monocular PD is correct; the other is wrong. This happens when the
monocular PDs are done with a ruler or by marking the PD measurements on
the lenses, and the ytter uses only one eye to measure both lenses.

1 The PD is given as a binocular PD, rather than astwo monocular PDs.

{ Fitting cross height is measured for one eye, and the same measurement is
written down for both eyes. Fitting cross heights must be individually measured
for both eyes.

When a wearer does come back with a complaint, the most straightforward way to
check for possible problemsis to fi rst put the progressive markings back on the lenses
and see if they are correct in relation to where theyshould be when the prescription
is worn. Often the problem will be obvious. If the solution is not immediately
apparent, Table 20-1 gives some common complaints with reasons they may occur
and possible solutions.

Using the Near PD Method WhenNear PD Proves Incorrect

Sometimes it becomes necessary to troubleshoot a problem of insufycient near-
viewing area. There are numerous possible reasons for this happening. These are
listed in Table 20-1. When none of the other solutions are applicable, it may be
that monocular distance PDs are correct, but the monocular near PDs are either
too large or too small. Here is one way to solve the problem.

For many progressives add lenses, the near-viewing area is inset from 2.0 mm to
2.5 mm per lens. Mostmanufacturers use 2.5 mm per lens. (Newer progressives
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SECTION 2
General Purpose Progressives

OPTICAL CHARACTERISTICS OF
GENERAL PURPOSE PROGRESSIVES

The yrst successful progressive addition lenses were designed to maintain some
of the characteristics of a bifocal. One criterion considered to be important was
maintaining traditional lens optics in the upper half of the lens. If this is done, the
power from the midline upward corresponds exactly to the prescribed distance
power. At the midpoint of the lens and downward fol- lowing the expected path of
the eyes, plus power begins to increase. Once the full add power is reached, lens
power does not vary. The progressive zone connectsdistance and near lens areas.
Thesetypes oflenses are said to have spherical upper halves because the front surface
of the upper half of the lens is spherical, rather than aspheric.

The yrst really successful progressive lens was the original 1959 Varilux lens.® The
1959 Varilux lens used this design philosophy.

Unwanted Cylinder

Unwanted cylinder is the greatest problem inherent in progressive addition lenses.
Although the progressive zone gives clear vision when properly ytted and dis-
pensed, the area to either side of this zone will have some unwanted cylinder power.
This cylinder varies in amount and orientation, depending on design and add power.
It will be noticeable if the eye moves far enough laterally from within the
progressive zone.

A Sandbox Analogy

There are certain design characteristics that change the amount of unwanted
cylinder in the periphery of the lens. To help understand how this works, we will
use an oversimpliyed example of a sandbox. Think about a round sandbox with
the surface of the sand smoothed to a spherical shape to resemble the front
surface of a regular, single vision lens. Suppose we want to change the surface
curvature of one area of the sand. The objectis to give the surface a new fi pwerd
so that it will resemble the near portion of a progressive addition lens.

We can do this by starting at the center and gradually increasing the curvature
of the surface in a certain area corresponding to the progressive portion of a lens.
In other words, we start shaving the surface of the sand, removing sand from that
area. But one of the yrst sandbox rules is, fi Y oare not allowed to throw sand out
of the
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sandbox. So where do we put the sand? If we wanted to keep the upper half of the
lens at exactly the distance power, it could not go there. So sand would have to be
piled on either side of the progressive zone and then smoothed out. This changes
the curve of the surface andcauses unwanted cylinder.

Interrelating Progressive Design Factors

Here are some general design factors that may inpuence unwanted cylinder power

and other lens parameters. A

1.Add powerd as add power increases, so will the amount of unwanted
peripheral cylinder.

2. Rate of progressive power changed progressive power can change from distance
to near zones in either a rapid or slow fashion, making the progressive corridor
either short or long. A rapid change meansthat the progressive zone surface
curvature changesover a very short distance resulting in a short corridor lens.
When the power changes rapidly

1 The intermediate zone width will generally be smaller.
1 The near zone is generally wider and larger.®
If the progressive zone is longer, the plus power changes more slowly. A
longer progressive zone means less unwanted cylinder; a shorter progressive
zone means more unwanted cylinder.

3. Intermediate zone widthd a larger minimum zone width is associated with lower
amounts of unwanted cylinder.® The smaller the intermediate zone width and
area, the greater the unwanted cylinder will be. However, there is not as direct a
relationship between the amount of unwanted astigmatism and near-viewing
Zone size.

4. Zone widthsd distance and intermediate and near zone widths inpuence each
other. When one zone ismade larger or wider, the other two zones will become
narrower and smaller.®

The Use of Contour Plots to EvaluateProgressive Lenses

In 1982 a standard format was initiated for representing the surface characteristics of
progressive addition lenses. This took the form of connecting points having equal
powers. The concept is similar to that of topographic maps that show mountainous
heights. These line diagrams are known as contour plots. One form of contour plot
maps the amounts of unwanted cylinder power, showing how fast cylinder power
increases over the lens surface. Areas of equal

cylinder power is plotted with a connecting line. Theselines are called isocylinder

lines (Figure 20-16, B). Another type of contour plot maps areas having equal

spherical equivalent powers (Figure 20-16, A). With these it ispossible to see:

1. How fast the power increases in the progressive corridor

2. What kind of power changes take place in the upperand lower lens peripheries
Being able to read contour plots allows for a greater understanding of the features

common to all progressive lenses and the individual characteristics that may
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differentiate one lens design from another. It should be understood, however, that
contour plots in themselves may not precisely avey given lensd actual
performance when being worn. Cinic: al choicesade bygprogresswe addition lens
wearers may not agr ee wlth predictions anticipat ed from “contour plots. .- o
Contour plots do demonstra: e retdtive progressive zone width, the presence of a
hard or soft optical design, and the anticipated amount of unwated chinder in the
upper half of the lens. They may also be helpful in mmg aacet{am siyle of
progressive addition lens to the optical needs of the wearer. ., oS

N 0

0 0

HOW PROGRESSIVE LENS DESIGNS HAVE CHANGED

We would not expect today® progressive addition lensesto be the same as they
were when yrst successfully used. Progressive lens designs come forth as a result
of professional judgments as to what lens characteristics are most important when
worn. These judgments do notalways agree. In addition, one philosophy may be
correct for one wearing situation, but not for another. Here are some of the
contrasting ways lenses have been designed.

Spherical and Aspherical Distance Portions

Originally, progressive lenses were designed to maintainan upper half just like a
regular single vision lens. The upper half had a spherical front surface (Figure 20-
17). In 1974 Varilux introduced a design that attempted to reduce the intensity of
unwanted cylinder by spreading it out over a larger area. * It soon became evident
that small amounts of induced astigmatism could be toleratedin the periphery of the
distance portion. Lenses designedin this manner are aspherical® in the upper and
lower portions of the lens surface instead of just in the lower section containing the
progressive corridor (Figures 20-18 and 20-19). Returning to the oversimpl i y e d
sandbox *Keep in mind that this is an analogy only and is not what really happens
with progressive lenses. It is only meant to characterize the problems faced by
lens designers.

AMuch of the information found in this section is taken from SheedyJE: Correlation
analysis of the optics of progressive addition lenses, Optometry and Vision Science
81(5):350i 361, May 2004.

*This lens was called the Varilux 2 or Varilux Plus.
AAn aspherical surface is one that does not maintain a constant spherical curve, but
changes in curvature over a given area. Aspherical means no spherical.
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Figure 20-16. The contour plot in A shows changes in
lens power plotted as the spherical equivalent.

Spherical equivalent D sphere D cylinder power

2

The contour plot shown in B is plotted as unwanted
cylinder alone. Both plots are of the same lens having
a plano distance power and a D2.00 add power. (From
Sheedy JE, Buri M, Bailey IL et al: Optics of
progressive addition lenses, Am J Optom Physiol
Optics 64:90-99 1988, Figure 1.)

243

I¥ .oo



Figure: 20.17

The original Varilux lens was designed to mainiin a spherical surface in the upper
half of the lens. It had twolarge and spherical distance and near vision zones linked
together. (From Progressive addition lenses, Ophthalmic Optics File,p. 28, Figure
25, Essilor Interna- tional, Paris France, undated publication.)

Figure 20-18. This simpliyed contour plot shows a lens with a spherical upper front
surface. The concentric lines represent the areas of increasing astigmatism. (This
contour plot is theoretical only and is not a representation of any existing lens.)
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Figure 20-19. This progressive lens representation shows a lens with an aspheric
upper front surface. Asphericity is allowed to continue into the upper half of the lens,
with small amounts of astigmatism being evident in the periphery of the top half of
the lens. (This contour plot is theoretical only and is not a representation of any
existing lens.)

analogy, we can see that in allowing the displaced fsan dt@ be spread over a larger
area the amount of unwanted cylinder in any given area will be reduced. Usually, a
lenswith a spherical upper half resembles a i h @design and one with an aspherical
upper half, a i s odedign. These terms will be explained shortly.

Hard Versus Soft Designs

When an individual wearing a progressive addition lens is using the near-viewing
area of the lens and slowly looks to one side, the eyes begin to leave the region of

the near zone. Outside of this near zone, the power begins to change, and
unwanted cylinder power increases.

Hard Designs

With a bifocal lens, there is a distinct, lined border between the near-viewing area
and the rest of the lens. There is no question as to where the near portion ends.
With some types of progressive addition lenses, the change in power and increase
in astigmatism is more demarcated than in others. For example, the unwanted
cylinder may rapidly increase from nothing up to 0.50D, then move quickly to
1.00 D, and on up to 1.50 D in the space of only a few millimeters. Because of the
rapid change along the border between viewing areas, thistype of design is known
as a hard design (Figure 20-20).
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Hard designs generally offer larger and more delineated areas of unvarying optical
power for distance and near viewing. Often in hard designs, the power in the
progressive channel increases rapidly. When a person looks down, the eyes reach
the level of full add power sooner.

The disadvantages of hard designs are linked with the rapid increase in cylinder
power and the areas in which that unwanted cylinder is concentrated. Distortions
caused by more rapid power change may mean a slightly longer period of
adaptation. Straight lines may appear more curved when viewed through the lower
half of the lens than they do with other designs. (It should be noted that all
progressive add lens designs cause this effect to some extent, at least during initial
adaptation. Even the near portion of a bifocal lens can cause a straight line to
appear curved.) The intermediate viewing area of the lens may be more limited
both vertically and horizon- tally, requiring the wearer to zero in more consciously
to view intermediate objects with clarity.

Soft Designs

A soft design is one in which the change from the near zone to the peripheral area
is gradual when compared with a hard design (Figure 20-21). As the wearer séeye
begins to leave the near zone laterally, the amount of unwanted cylinder increases,
but more gradually. From the wearerd oint of view, it is not easy to determine
where the near zone ends. A soft design has a slower vertical change in power as
the wearer looks from distance to near. In other words, the progressive channel is
longer and usually wider. This means that the wearer has to drop the eyes farther
down into the lower areas of thelens before reaching the full near power.

The advantages of a soft design are easier, more rapid adaptation times; less
distortion of peripherally viewed objects; and less fswi ma objects with head
movement. Soft designs typically start with a smaller near zone and allow
aberrations to spread over a larger area, including parts of the upper half of the
lens. This means that the
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Figure 20-20. This is an example of a lens that has a some- what hard progressive
addition design. A, The contours of increasing astigmatism start at the border of the
corridor and near zone. Each contoured area farther from the zone shows darker in
on the diagram and represents a change in measured cylinder power. The near
portion is fairly wide, and the contour lines are closely spaced at the border of the
progressive and near zones. This indicates a more rapidly changing cylinder power.
B, This 3-dimensional rendition of the same lens shows increasing cylinder as seen
by increasing elevation. Thelens is a 50 mm round lens. (lllustr a t i count@syg of
Darryl Meister, Carl ZeissVision.)
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The disadvantages of soft designs include the possibility of a slight reduction in visual
clarity in the upper peripheral areas of the distance lens, the necessity of dropping the
eyes farther to reach the full add power* and a fi malleronear zone. It should be noted,
however, that wearers do not always ynd the near zone to befunctionally as small
as it may appear on an astigmatic contour plot. Because the amount of unwanted
cylinder increases so gradually as the eyes leave the near zone laterally, the wearer
may be able to use the outer limits of the near area anyway, even though these areas
containa certain amount of unwanted cylinder power. For asummary comparing hard
and soft designs, see Box 20-2.

Monodesigns Lead to Multidesigns

As can be imagined, there are a multitude of ways to design a progressive addition
lens. It is the job of the designer to try and anticipate the needs of the wearer. Initially,
all progressives had a single design for all powers. This was later called a
fmonodesign.0 A monode-sign is limited in its effectiveness.

When a person yrst enters the age of presbyopia, the power of the needed near
addition is low. This means that a new presbyope still has a considerable amount of
accommodation left. For example, an individual with a D1.00 D add power really
does not need a special correc-tion for intermediate distances. If presbyopes with
a *To counter this problem, the designer may increase power progres- sion so that most
of the add power is reached earlier. For example,a Varilux Comfort lens reaches 85%
of add power 12 mm below theytting cross.

D1.00 D add needed a special correction for intermediate viewing, there would be
people wearing trifocals with a
D1.00 D add. Yet trifocals are not made for add powers below D1.50 D.

With this in mind, designers began to ask whether or not consideration should
be given to using more than one design for the same progressive lens, depending
on the power of the near addition for that lens.

If changing add power is a major factor that alters the design needs for a
progressive add lens, it would be logical to design a different lens for each add
power. Thisis the basis for the multidesign lens, which varies to allow for changing
needs with changing add powers.

Progressives Should Be Uniquely Rightand Left Speciyc

From a historical perspective, when progressives were yrst emerging, it was not
unusual for both left and right lens blanks to be identical. There was no difference
between a right and left lens blank. Since the eyes turn inward for reading, the
progressive corridor must tilt inward. Each lens was rotated so that the channels
tited nasalward. This was not the best design, because when the lenses are
rotated, prismatic effects are different for left and right eyes in certain directions of
gaze. If both eyes looked into the lower right areas of their respective lenses, those
two locations were not the same in power and prismatic effect.

Right- and left-spec ic ylenses should be designed to work as a pair so that
peripheral power, cylinder, and vertical prism are matched for binocular viewing.
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NEW MANUFACTURING METHODS ALLOW NEW | ENS DESIGNS

Recently there have been some major changes in the way lenses can be
manufactured. These changes employ a method of generating the lens surface
that differs from what is normally done. It is now possible to individually shape a
lens surface to a unique form with a varying surface curvature and then polish that
surface to optical quality. This type of manufacturing has commonly been referred
to as free-form generating, although Shamir has trademarked that term, and a
general term to replace it has not yet emerged.

Here are some examples of what these changes inmanufacturing mean in terms

of possibilities for progressive lenses. Some possibilities may be used by one

design, some by another. Not all will be used for the same lens.
The back surface of the progressive can be made as an aspheric or an atoric
surface. Atoric curves can reduce the peripheral aberration called oblique
astigmatism. (See Chapter 18.) This is especially important for progressive addition
lens wearers with cylinder. When uncorrected oblique astigmatism is present, it
combines with the peripheral distortion inherent in progressive addition lenses and
can further degrade peripheral vision. An atoric design can improve peripheral
vision. Progressive lenses are normally made as semi Yishedlenses with certain
yxed base curves. These semiynished lenses are then surfaced in the laboratory.
With free-form generating, the front surface can be custom surfaced to any base
curve and the progressive optics included during surfacing. Then the back surface
is generated at the completion of the front surface. This way the base curve can
be more closely matched to the power of the lens. If a frame is yt with a speciyc
vertex distance, the prescribed power of the lens can be altered for the vertex
distance of the frame. These power changes are not limited to quarter diopter
increments. The smoothing ( §ing) and polishing process no longeruses power-
S p e ctbojsdo bring the surface to optical quality. When a lens is tilted, there is
a change in the sphere power, and a cylinder is induced whose axis is in the
meridian of rotation. (See Chapter 18.) This power change can be compensated
for on an individual basis, whether the tilt is pantoscopic tilt or face form. Again the
compensation may be done more exactly because it is not limited to quarter diopter
increments.
With this type of generating, it is possible to make aprogressive lens to order with
the progressive poweron the front of the lens, the back of the lens, or on both the
front and the back of the lens. (The De ity lens is made this way with the
progressive add split between the front and back surfaces.)
This type of generating allows for the progressive portion of the lens to be made at
different widths, depending upon the needs of the wearer.
The progressive zone of a lens can be shortened orlengthened to custom yt the
vertical depth of the frame and the vertical height of the weareré gyes.
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DESIGNS USING ASPHERIC/ATORIC SURFACING METHODS

Lens quality is limited by how well lens aberrations can be corrected. In Chapter 18,
the basics of spectacle lens design were explained. One of the limiting factors has
been the ability to correct oblique astigmatism for lenses with cylinder power. Oblique
astigmatism could be corrected for spherical lenses by using a s p e c baseaurve
or by using an aspheric surface. But if the lens had two different powers, as it does
when prescribe cylinder power is present, then oblique astigmatism could only be
corrected for both meridians at once if an atoric lens design was used. Atorics are
easier to make for single vision lenses because they can be molded at the factory.
But atorics could not be made for a segmented multifocal or progressive lens
because these lenses were surfaced for the correct power in the optical laboratory.
The labo- ratory could only surface a spherical or a toric surface, not an atoric
surface.

It is now possible to custom grind and polish an aspheric or atoric surface (although
the equipment required is quite expensive). This makes it possible to correct more
of the oblique astigmatism present in any spectacle lens, not just progressive
lenses.

Progressive lenses have unwanted cylinder in the periphery of the lens simply
because they are progres- sives. Oblique astigmatism caused by lens aberrations
will combine with this cylinder and degrade peripheral vision even more. If this
oblique astigmatism can be reduced, peripheral vision will improve.

One of the yrst types of progressives to include aspheric/atoric surfacing methods
was the so-called position-of-wear or as-worn progressive lens design.

POSITION-OF-WEAR OR AS-WORN LENS DESIGNS

A major change in progressive lenses that took place because of free-form
generating resulted in lenses some-times referred to as position-of-wear or as-worn
designs. A primary example of this is the Rodenstock Multigressiv 2 lens. This lens
includes all the following factors in the design of the lens on an individual basis:
1 Pantoscopic tilt
 Vertex distance
1 An aspheric or atoric surface to optimize correction of lens aberrations

The practitioner speci y d¢he sphere, cylinder and axis measures, along with
vertex distance and panto- scopic tilt. When the prescription is received, an
optimum base curve is chosen for the front surface of the lenses, and the
prescription is modiyed to allow for tilt and vertex distance (Figures 20-22 and 20-
23.) Thenthe amount of asphericity needed in each major meridian back surface is
calculated. When the lenses are returned, the accompanying order information will
include the sphere, cylinder, axis, and add power as originally ordered. It will also
include new sphere, cylinder, axis, and add powers based on the calculated
changes. For example, a lens may be ordered with powers of
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D4.00 D0.25 D 45
D2.00 add

The order may be returned with powers listed as

D3.96 D0.27 D 36
D1.82 add

The second set of powers is what the lens actually will be. This second set of
numbers is used for veri gation purposes.

SO pm—

Figure 20-22. When a lens is made from semiynished blanks that come in certain ynite
intervals, the optical quality varies, depending upon how close that base curve
comes to the ideal. However, even the ideal base curve does not deliver ideal optics
when the lens has a high amount of cylinder. This ygure shows conceptually how an
ideal base curve, made with spheri- cally curved surfaces, cannot be ideal for two
different powers at the same time. It is not meant to show actual measures of vision
or visual acuity.
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ATORIC PROGRESSIVES

A progressive lens does not have to be a position-of-wear lens to incorporate atoric
optics into the lens. Lenses dispensed in the United States are less likely to be mea-
sured for vertex distance and pantoscopic tilt. However, using atoric optics can be a
large advantage, particularly for lenses with prescribed cylinder. Each lens may still
be more exactly corrected for aberrations and indivi- dualized for prescription
powers. However, the lenses must be custom surfaced using free-form generating
techniques. At the time of this writing, such lenses are, with limited exceptions, only
available through major manufacturers.

Examples of these lenses are Shamir Autograph, Zeiss Gradal Individual and Zeiss
Short i,* and the Varilux Physio 360.

The Varilux Physio is a lens that is designed using wave front technology, but is
surfaced in the traditional manner. It is not atoric. The Varilux Physio 360 uses the

*The Zeiss Short i is designed for frames with a small vertical dimension.

Figure 20-23. This ygure shows conceptually what can happen to optical quality
when optics can be corrected for base curve in both meridians of a lens surface at
once when a pre- scription has cylinder power. This is done using an atoric surface
custom cut for the prescription. The illustration is not meant to show any actual
measures of vision or visual acuity. (From Baumbach P: Rodenstock Multigressivd
a technical prospective, Rodenstock, RM98052, p. 7, Figure 15.)

same basic design as the Varilux Physio, but also uses generating procedures
necessary to make the lens atoric, optimizing optics for all meridians of the lens.

PERSONALIZED PROGRESSIVES

Because of the ability to generate any surface on demand, the next logical step in
progressives is to produce a lens with the progressive optics tailored to the distinct,
indi- vidual needs and habits of the wearer. The Varilux Ipseolens takes a major
step into this area. The Ipseo lens is designed to match the unique head and eye
movement habits of the wearer. Some individuals turn their eyes much more than
they turn their head to see an object. Others are head turners, moving their head
more than others do. The Varilux Ipseo uses an instrument called the VisionPrint
System to measure head and eye move- ment (Figure 20-24). The lens is designed
so that the near-viewing area will better match the personal viewing habits of the
wearer.

In addition, the Ipseo lens design program takes the prescription and frame
characteristics into consider- ation. When the lens returns from the laboratory the
ordered prescription powers will have been altered because of surface asphericity
and should be veriyed using the mod ie¢ parameters.
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Figure 20-24. The VisionPrint System is used to measure head and eye
movements. Results determine how the Varilux Ipseo personalized progressive lens
will be custom designed for the head and eye movement requirements of the
wearer.
It would be expected that other lens manufacturers may develop lenses that have
alternate designs based on other personal characteristics, visual habits, and occupa-
tional needs of the wearer.

SECTION 3 Specialty Progressives

For years bifocal and trifocal lenses were worn by the majority of presbyopic
spectacle lens wearers. Yet they were not able to satisfy all the visual needs for
every wearing situation. As a result, a number of segmented specialty lenses
developed. Even though progressive lenses are clearly overtaking segmented
multifocals, it is also unrealistic to think that general purpose progressives are able to
fulyll every o n espesialized needs any more than segmented lenses could. If a
progressive lens is truly for specialized tasks and will not be used for full-time wear, the
lens may be called an occupational progressive lens and may be abbreviated OPL.
Progressive addition lenses as a general category are often abbreviated as PALs.

SHORT CORRIDOR PROGRESSIVE LENSES

The short corridor category of specialty progressives is really a subcategory of
general-purpose progressives. The thing that makes this lens unique is that it is
designed to allow a progressive addition lens to be worn in a frame
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with a small vertical dimension. Regular progressive lens corridors are too long. Too
much of the near portion ofa regular progressive lens is cut off when the lens is
edged for frames with narrow B dimensions.

The short corridor progressive has a faster transition between the distance and
near portions of the lens. Thismeans that the wearer is quickly into the near portion
when looking downward. Because the transition is short, near vision is suitable. Yet it
is only logical that there will be some sacri ge of the otherwise larger intermediate
portion. When choosing a short corridor progressive, be certain that the minimum
ytting height is suitable for the frame. Even short corridor progressives can come
up short on near viewing if the frame is exceedingly narrow. Some examples of
short corridor progressives are shown in Box 20-3. Short corridor progressives are
ytted in the same manner as regular progressive lenses. Monocular PDs are
needed, and the ytting cross is placed in the centerof the pupil.

NEAR VARIABLE FOCUS | ENSES

Near variable focus lenses started out as a replacement for single vision reading
glasses. This lens also goes by other names, including, small room environment
progressives, reader replacements, or simply OPLs. Over time the lens has
become the lens of choice for someone working in a small ofyce where
intermediate and near vision are the primary viewing needs.

To get an idea of how the lenses are constructed, take the example of a
prescription that has no power in the distance and a D2.00 D add. The normal
progressive addition lens would have powers as shown in Figure 20- 25 with no
power in the upper (distance) portion. Power gradually increases until it reaches
the prescribed D2.00D add power in the lower near portion.

BOX 20-3
Examplesof Short Corridor Progressive Lenses*

Minimum Fitting Height

Hoya Summit CD 14 mm

(Compressed Dedgn) _
14 mm minimum to

18 mm maximum
Shamir Piccolo
16 mm
Rodenstock Progressiv Life XS
Zeissts Gradal Brevity 16 mm

*These are only a small number of the short corridor progressive addition lenses
available. It is not meant to be an inclusive list. Norwill it necessarily be a current
list. Short corridor lens designs, like other progressives, will continue to change.
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Figure 20-25. This is a simpliyed drawing of the structure of a progressive addition
lens with a plano distance prescription and a D2.00 D add. The fpower rang e d@f this
lens is a full two diopters.

Figure 20-26. When a prescription with plano distance power and a D2.00 D add is
placed in near a variable focus lens having a 1.00 D power range, the power difference
between upper and lower portions is less. The progressive zone is also lengthened.
This makes the progressive zone wider and reduces the intensity of periph- eral
distortion. This simpli gd drawing of the lens structure, based on the same
prescription, can be compared with the standard progressive in Figure 20-25.

Progressive corridor (1.00 D change) +2.00 Intermediate/Near specialty
progressive

This is usually not the case with most near variable focus lenses. The farthest distance
that people who workin small o f y engironments need to see clearly mightbe the
distance of someone sitting across the desk from them. They also need a clear view
of a computer monitor placed at an intermediate viewing distance and at the normal
40-cm near-working distance for reading. With this in mind, our example lens could
be designed with a moderate amount of plus power in the distance.
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If we use D1.00 D of power in the upper portion of the lens, we can gradually
increase plus power until a total of D2.00 D is achieved for near. This would appear
as shown in Figure 20-26. Note that the progressive zone for this type of lens is longer
and wider than the normal progressive corridor found in a general wear progressive lens.
This works well, and for this type of working environment, these OPLs give excellent
intermediate and near vision with less peripheral distortion. Here is why: A longer
progressive zone will result in less peripheral distortion. In a near variable focus lens,
the difference betweenthe powers in the upper and lower halves of the lens are
usually smaller. In the example, instead of having or a difference of D2.00 D, this
lens has a difference of only D1.00 D. In reality this is a D1.00 D add instead of a
D2.00 D add. The smaller the add power, the smaller will the unwanted cylinder be
When wearing a near variable focus lens, more visual work will be done with midlevel
and downward viewing than with a standard progressive where clear distance vision is
important. The designer has the option of moving a larger proportion of the peripheral
distortion inherent in progressive lenses into the upper periphery of the lens.’
Increasing the area of distortion decreases its intensity.

Power Ranges

With regular progressives we think of beginning with the distance power in the upper
portion and increasing plus power as we go downward. With near variable focus lenses,
we begin with the near power. The reference power is the near power instead of the
distance power. We start with the near power in the lower portion and decrease plus
power moving up to the distance portion. This is no longer an addition, but a
decrease in power. This decrease in power is called a degression.” Manufacturers
often call this the power range of the lens.

This means that near variable focus lenses do notcome in regular add powers like
general purpose progressives. They instead come with one or more power ranges.
Again the power range is the difference in power between the lower and upper areas
of the near variable focus lens.

Power Changes in the Vertical Meridian

As may be seen from Table 20-2, power degressions among lenses will vary
considerably. The greater the power degression, the more the contour plot of the
lens will resemble that of a general-purpose progressive. Figure 20-27 shows a
simpliyed representation of a lenswith a small degression compared with a lens
with a larger degression. Higher degressions result in narrower progressive zones
and greater amounts of unwanted peripheral astigmatism. (Yet even with higher
degressions, the OPL zone will be considerably wider than that of the standard
progressive lens because of its increased length.)

Customizing the Near Variable Focus Lens to the Needs of the Wearer

When someone has two speci ydistances at which they do most of their work, the
examiner may decide to pre- scribe for those distances. In this case the type of
lens should be chosen with a power range appropriate for the prescription. Here is
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how it is done.

This distance is found to have an intermediate add power of D1.25. If a near variable
focus lens is to be used: What would the prescription read in the lensmeter through
the upper and lower portions of the appropriatenear variable focus lens? (Assume that
the power of the upper portion and mid portion of the lens will be the same.) What
would the correct power range be? When choosing from the lens types found in
Table 20-2, which lenses would have this power in theupper portion of the lens?
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