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the invention The present invention relates to improved ophthalmic lens
elements and eyewear, including prescription tenses, spectacles,
sunglasses, safety glasses 5 and frames therefor. Background Most
conventional prescription tenses have relatively flat base curves. Such
lenses provide a limited field of view due to peripheral distortion
and/orphysical size limitations Their relatively flat shapes limit the
amount of eye protection 10 afforded by the lenses, particularly near the
temples. Wrap-around eyewear has been developed in an attempt to provide
wider fields of view and greater eye protection. W rap-around design also
permits different and somefimes striking overall styles for the eyewear.
However, wraparound eyewear is typically non-prescription. These products
also typically have 15 flat base curves between 6 and 10 D. W rap (and
sometimes rake) are achieved by rotating and/or translating the optical
axes of the lens in the as worn orientation. See e.g. United States Patent
No. 1,741,536 to Rayton; United States Patent No. 5,689,323 to Houston et
a1. This causes the tine of sight of the wearer to deviate from the optical
axis, and optical perfomance is often significantly 20 degraded. Peripheral
vision is typically poor. Early in the history of ophthalmic science,
steeply curved prescription tenses had been described, although not as
vehicles for providing greater field of view or eye protection A
relationship between curvature and through power is shown in the so-called
"Tscheming's" ellipse. First described nearly '100 years 25 ago) it
attempts to identify combinations of tens curvature and tens power which
have minimum aberration. The general form of the Tscheming ellipse is shown
in Figure 1. Figure 1 is given for assumed typical values for lens
parameters such as index of refraction, vertex distance) lens thickness)
etc. The Tscheming ellipse      a WO 00/04414 2 1 7 JAN 2003 PCT/AU99/00399
retains its ellipsoid shape and inclined orientation for various assumed
values of lens parameters) while the precise location of points on the
ellipse may change. The ellipse of Figure 1 is derived from the corrected
von Rohr equation (after Morgan) solved for point-focal (zero astigmatism)
distance vision. 5 The lower portion 10 of the ellipse is the so-called
"Ostwatt section" which describes a selection of relatively flat front
surfaces for lens powers typically used in conventional prescription
ophthalmic lenses. The upper portion 12 of the curve, called the 'Wollaston
section", describes much more steeply curved lenses which have never gained
acceptance as lens forms, although there are historical 10 stances of
attempts to make such objects (e.g. Wollaston himself). See) M. Jalie) The
Principles of Ophthalmic Lenses p. 464 (4th Ed. London) 1994). Because of
difficulties in fabrication, such early lenses were probably of small
aperture and) consequently) perhaps) regarded as unacceptable for cosmetic
reasons and because of their limited field of view. 15 Modem lenses with
steeply curved front spherical surfaces have teen made for the treatment of
aphakia (absence of the natural tens of the eye as in the case of surgical
removal of the lens). The general form of these lenses is shown in Figure
2. See M. Jalie at p. 151. Such lenses serve essentially as an eye lens
replacement and are characterized by great thickness and high plus power 20
(greater than + 5 D and typically + 12 D or greater). The aperture A of
these teases are of small size e.g. 26 or 28 mm in diameter. Typically such
aphakic lenses have a piano radial flange 14. 



Today) the vast majority of conventional prescription lenses are relatively
flat, single vision, Osrirah section, minisus lenses which are glazed like
window 25 panes into flat outline spectacle frames. Applicant have studied
the properties of steeply curved lenses and considered series of teases
having commonly prescribed plus or maws through ', powers. Applicants
observed that such tenses could) in principle) provide a wide field of view
and eye protection., However, certain problems would interfere with 30
practical implementation of such wide-field lens. Generally there are
problems of   1 ~ 7 J AN 2003 WO 00/U4414 . 3 PC'F/AU99/00399 fabrication
and distortion, and problems of producing a range of common plus or minus
power prescriptions with or without available common astigmatism correction
or "cyt" prescriptions.  A more subtle problem is presented by the wide
range of front surface 5 powers which would be required to provide a range
of common prescription powers. For the lens assumptions of Figure 'I , for
example, the Wollaston section would be understood to teach a variation in
front surface power of from about 15 D to about 20 D for a product tine
through-power range of from +5 D to -8 D. This corresponds to a variation
in radius of front surface curvature of from about t 0 29 to about 39 mm,
which represents a large variation in overall size and shape for tenses
large enough to provide a wide field of view. Such lens cannot be fitted
like panes into a single frame size, but. in fact, each prescription itself
would dictate its own specialized frame size and style. While such unique
styles have value, they are incompatible with providing mass-marketed
eyewear with a 15 consistent appearance. It is an object of the present
invention to overcome, or at least alleviate, one or more of the
drlficuhies and deficiencies of the prior art. Summary of the invention 0
GeneraNy, the presets invention re~tes to eyewear and ophthaknic lens 20
elements therefor. Ophthalmic lens elements may include, accor~ng to
context, finished or edged ophthakreic lenses, semi-finished lenses) tens
blanks or molds therefor. Also included are wa#ers for forming lar~imated
lenses or lens blanks. Acc~ordir~ly in a first aspect of the present
invention there is provided a lens element adapted for mounting in eyewear,
the lens element havx~g a spherical 25 surface with a radius of curvature
less than about 35 mm) said lens element being a~pted for positioning such
that a center of curvature of the lens element is located at the centroid
of rotation of the eye, wherein the lens element is sufticienily large to
provide a field of view greater than 55 in the temporal   . .1 1 JAN 2003 



WO 00/04414 pCT/AU99/00399 4 direction from the forward line of sight.
Preferably the tens element is a single vision lens element selected from a
series of lens elements having through powers of from at least
approximately +2 D to -2 D and approximately the same radius of curvature.
5 it will be recognised that the increased field of view allows the making
of eyewear whose temporal edge is not visible to the wearer apparent
edgeiessness~. Other advantages include providing the eyewear designer wish
options heretofore unattainable in lens having good peripheral vision
properties in various 10 prescriptions. These include the ability to use
smaller outline lenses) topologically and cosmet~catly interesting
three-dimensionally curved lens edges and spectacle rims, and edge
thicknesses which are more readily hidden from view) particularly in the
temporal region. The present invention is exemp~fied wifh reference to
Figure 3 which 15 illustrates some geometric aspects of the steeply curved,
concentric lenses of the present invention. Figure 3 shows a horizontal
cross-section of left and right eyes (20 and 22 respectively). Each eye is
shown having a centroid of rotation, 24 and 26. The ceniroid of rotation
may be ~ understood as a volume within the eyeball, having a diameter ~ of
roughly 1-2 mm, about which the eye appears to rotate as 20 the direction
of gaze varies. As shown in Figure 3, left and right steeply curved tenses
28 and 30 are positioned about the eye. In the Figure, the optics! axis of
each errs is oo-near with the line of sight of each eye and represented by
the ones 32 and 34 for each eye. These lines also represent the z axis of
coordinate i a i systems later used in the text to describe certain lens
surtaces (the x y plane 25 being normal to the plane of the Figure). The
ier~ses 28 and 30 are generally desc~~babte as spherical or spherically
based. In preferred embodiments, the front surtace is spherical) having a
fixed radius of less than 35 mm for all prescription values in the series,
tn other embodiments, the lens is best described as having a spherical
back) as containing   t ~ Z JAN 2003 WO 00/044l4 PC'TlAU99/00399 5 a
reference sphere or as tying within a defined spherical shelf. tn each case
the radius of the reference sphere or shelf and the location of the tens as
wom is such that the center of the reference sphere or shell lies close to
or within the centroid of rotation of the eye. The case in which the front
surface is a sphere of radius R 5 centered on the centroid of rotation of
the left eye is iNustrated for the left eye in Figure 3. The selection of a
spherical base of a given radius centered on or near the centrold of
rotation of the eye, places a constraint on the vertex distance d.,
Illustrated for the Left eye of Figure 3 as the distance between the plane
of the 



10 pupil 36 and the back surface 38 of the lens. Front surface radius and
back surface shape, in conjunction with other design parameters such as the
fens thickness and the index of refraction of the tens material determines
the optical properties of the lens as described in detail below. Applicants
have found that the tens design of the present invention may be 15 analyzed
and described by a data array of a type illustrated in Figure 4. The
diagram is called a "Morris-Spratt' diagram after two of the inventors. In
the diagram, each dot is at the center of a theoretical ray-trace plot from
a tens having pn3perties of the grid point at the center of the dot. The
"y" axis on the right gives the power of the front surface of the lens in
diopters (nom~atized for 20 an ~dex of refract'ron of n = 1.530). The 'x'
axis at the bottom shows the through power of the lens at its center. This
corresponds to the plus or minus power prescripfion of the lens. For this
Figure it is assumed that each lens is made of poiycarbonate (n = 1.58G)
and has a center thickness of 1.8 mm in minus power ierrses, and a carrier
th~u~ss in plus lenses determined individuahy for each 25 pray so that the
minimum overall lens thickness is 1 mm in the periphery of a 58 mm ~ameter
tens blank. Each lens is positioned relative to the eye such that the front
surface is 33.1 mm from the centroid of rotation of the eye, which is
concentric for lenses which have a front surface power of 16.0 diopters. At
each i~idual grid point appears a ray trace result for eye rotation 30
angles up to 40 degrees. The dark area at each grid point represents the
region of   WO 00/04414 fi ,1 1 JAN 2003 PC'f/AU99/00399 each lens that has
less than 0. 125 diopters of RMS power error relative to the prescription
and allowing up to 0.375 diopters of accommodation. RMS power error is
defined mathematically below. This criterion is believed to be a good
indicator of lens pertormance. 5 The fully fisted-in circles in Figure 4
represent lenses with less than 0.125 diopters of RMS power error over 40
degrees of eye rotation in any direction. For dots with rings around them,
the RMS power error rises above 0.125 diopters for some intem~ediate eye
rotation angles then drops below that threshold again for some small
angular region. 10 The elliptical outline of the locally largest dots
corresponds roughly to a Tcheming's ellipse generated for the special case
of the tens parameters selected by applicants. Conventional wisdom dictates
that the front surfaces of spherical lenses (lenses with spherical surfaces
on the front and back) must follow Tcheming's ellipse to produce high
quality lenses. However, the Morris-Spratt 15 diagram illustrates that for
appropriate selection of tens parameters there is a Nearly horizontal
region in this diagram where it is possible to produce excellent lenses. It
is known that piano spherical lenses with high quality optics can be
fabricated extending over a wide range of front surface curvatures (a fact
that is indicated by the vertical line of large dots near zero through
power). Many such 20 lenses are available in the market today. The novel
idea that is iuosfratad in the Morris-Spratt diagram is that is it also
possible through appropriate selection of !errs parameters to fabricate
high quality spherical ~nses over a wide range of presc~tions using a
sangle, steeply curved front surface or spherical reference surtace or
sheN. Nshat the low RMS power error regions for lenses using a 25 troryt
surface power of 16 d'iopters (grid points on line 40) have wide angular
extent (nearly fur or fuN circles) over a range of at least -6 to +4
diopters. Over 95 % of all prescriptions taM within this range. Therefore,
it is possible to produce high quality ophthalmic spherical lenses over a
wide range of useful prescriptions using 



i a a single, appropriately selected high power front surtace or base
curve_ Moreover, 30 as made clear by Figure 4) some small deviations from
the single power or from exact concentricity may be made while providing
good lens quality and a lens   1 WO 00/044)4 7 shape sufficiently
consistent to use the same frame style. ~ ~ JAN 2003 PCT/AU99/00399 Figure
5 illustrates a series of good optical quality lenses of a preferred
embodiment of the present invention. In this embodiment, the front surface
is selected to be about 16 D t about 1I2 D. This range lies between lines
horizontal 5 50 and 52. Particularly prefen~d embodiments provide series of
lenses having prescription in the range -2 D to + 2 D (area 54)) -6 D to +4
D (areas 54 and 56), or -8 D to +5 D (areas 54) 56 and 58). For comparison
purposes) a portion of the Woltaston section of the Tscheming ellipse 60
for this special case has been overlaid on the diagram of 10 Figure 5. The
Figure shows that the front curve and through power ranges represented in
the horizontal blocks are inconsistent with the Tscheming elf ipse teaching
which would indicate a 5 D variation in the front surface for -8 D to +5 D
through power and a far steeper curvature in the center of the through
power range. 15 In a preferred aspect of the present invention) there is
provided a series of ophthalmic lens elements) each lens element having a
spherical front surface which is approximately concentric with the centroid
of rotation of the eye in the as wom position; approximately the same
radius of curvature which is essentially a single 20 value selected for the
series in the range 25 to 50 mm t about 1 mm; and wherein the lens elements
in the series have various common prescriptwn through powers. AAore
preferably the lens elements have through powers of from at least
a~roximately +4 D to -6 D. Advantageously) the series of lens elements are
provided with the 25 appropriate prescribed power and cyl correction. In
the embodiment where the front surface is spherical) the back surface is
configured to provide the appropriate through power and cyt con-ection. In
a preferred embodiment, a series of lens elements would include throw power
through the abovementioned ranges in 1I4 D increments. Stock lens elements
of each power would be provided with   '~ ? JAN 2003 WO 00l04414 $
PCT/AU99/00399 each of various common astigmatism prescriptions, for
example, 0 D to -2 D in 1 /4 D increments. It wit! be understood that
because of the spherical symmetry of the lens element) the angle of the cyl
correction can be -selected by appropriate rotation of the lens element
during edging and glazing. 5 Conventional astigmatism correction is based
on torpid surtaces often described in temps of principle meridia, i.e.
orthogonal meridia centered at the optical axis of the lens, representing
the kxus of maximum and minimum curvatures. Barrel toroids and donut
toroids have both been used to provide cyt corrections. As described below,
applicants have developed novel astEgmat ism 10 correcting surtaces for
steeply curved tenses, which surtaces can be described as lying between a
barrel torpid and donut torpid each having the same principle meridia and
the same power along the principle meridia. Two such surfaces are the
atl-circular meridia" surtace and the "averaged-toroids" surface described
in detail below. 15 Accordingly in a preferred embodiment) the back surface
lies between a barrel torpid and a donut torpid) both having the same
principle meridia and the 



same power along said principle meridia. tMore preferably, the surface
astigmatism of said back surtaoe at any point oft the prir~ple merid;a is
less than the larger of the surface astigmatism of the 20 toarrel torpid or
the donut torpid at the same pout. Alternatively the back surface is
defined such that the surface height Z of the lens element from a
froiMo-parallel plane at any point on the back surface is a linear
combination of the heist of a barrel torpid, Ze, and the height of the
donut torpid) a being bounded by the values of Za and ZT. 25 In a further
preferred aspect the cross-section of the back surface of the lens element
along any meridian is circular. Preferably the curvature of each circular
meridian is equal to the instantaneous curvature of a corresponding
meridian at the center of a   ,1 7 JAN 2003 s WO 00/0444 9 PCT/AU99/00399
conventional torus given by the prescription. The back .surface astigmatism
correction is given by the surface height function Z (r) 8) where
z(r,9)=R(8)- R(6)'' -r' 5 and where R(0)R(90) ' R(g) _ R(0) sin ~ 8 + R(90)
cos' 8 is the radius of curvature along the 8 meridian, r = x= + y'- , and
the values R(0) and R(90) are the radii of curvature along the principle
meridia; t0 alternatively the back surface) together with the front
surface) provides a non-zero through power and the back surface is defined
by the equation: " ~ _ C~-i.i xk ' y' k~.~ . ;-o.~ .. The shape of tenses
of the present invention wilt now be described. The term "steep curvature"
is used in this context to describe the overall shape of the t 5 tens or
reference sphere or shell. tn particular examples the curvature may be
c~aMified as an average radius of curvature of a surface or of a spherical
shell lying inside or outside the tens or conta~ing a surface of the lens.
Acxordingty, ~ a further aspect of the present invention, there is provided
an ophthalmic tens element having a surface which Pies within a spherical
shell 20 defined by two concentric spheres having rada whose lengths differ
by no more than 2 mm) the smaHcer of the radii being no more than 50 mm in
length and wherein at least two points 0 and Q on the edge of the surface
subtend an angle OPQ greater than 80 with respect to a center of the shell
P. Preferably the smaller of the rada is between 25 and 35 mm and the 25
difference in length of the radii is about .1 mm or less. More preferably
the surface has a radius of about 33 mm  about 2 mm. 



~ ? J AN 2003 WO 00I04414 1 O PCT/AU99/00399 Lenses of the present
invention are also characterized in general shape by their large angular
field of view) often expressed as an angle between the optical axis and the
temporal-most or nasal-most extremes of the edges. In accordance with
preferred embodiments of the present invention, the tens subtends an angle
5 centered on the center of a front spherical surface) the angle being
greater than 80 and in preferred embodiments greater than t 00. !t will be
understood that such angles are indications of the field of view of the
fens provided of course that the tens is optically usable in these
peripheral regions. The unique topological shape of the lenses of the
present invention may 10 also be characterized by sagittal depth or
"hollow" depth, which are generally a measure of the three-dimensional'ity
of the tens and lens edge. These depths relate to the distance between the
fronto-parallel plane of the lens and the temporal most edge point, as
described below. In accordance with preferred embodiments of the preser~
invention, there are provided lenses with an average t 5 radius of no more
than 50 mm centered on the centroid of rotation of the eye and having a
hollow depth of at least 8 mm. tn a particularly preferred embodiment the
radius of the front surface is about 33 mm  about 1 mm and the hollow c~pth
is at least Z 0 mm. In a further as~c~ of the present invention) there is
provided an ophthalmic 20 lens element eluding a spherical front surface
which is approximately concentric with the a~entre of rotation of the eye
and having a base curve of 16 D  approxumately 1I2 D and exhibiting
relatively low RMS power error over approximately 40 degrees of eye
rotation. Preferably tt~ lens elen~errt is such that for foveal vision the
RMS Power 25 Error is less than 3J8 D for eye rotat'ron angles less than
30. The present inveM'an also includes methods for providing prescription
eyewear. Accor~ngty, in a still further aspect of the present invention
there is provided a method of providing prescription eyewear including the
steps of providing a lens element having 30 a front surface which I'~es
within a spherical shell of a thickness no   1 ? J A N 2003 WO 00/04414 ~ 1
PCT/AU99/00399 _ greater than approximately 2 mm and a radius of no more
than 



approximately 35 mm; and a rear surface configured so that the lens element
has a prescribed  through power and a prescribed astigmatism correction;
and 5 positioning the tens element on the wearer so that the center of the
spherical shell ties approximately at the centrold of rotation of the eye.
Preferably the lens element is positioned by glazing the lens element into
a frame having a standard aperture corresponding to a radius of a spherical
shed common to a series of lens elements having different through power,
including the 10 prescribed throw power. More preferably the lens element
is provided with a back surface which has a circular cross section along
any meridian passing through its origin, and whose curvatures along those
meridia are identical to the central curvatures of the equivalent
conventional tonic. t5 The present invention also includes specially
designed spectacle frames. In a preferred embodiment there is provided a
spectacle frame suitable for use with a series of ophtha~nic lenses) each
having a spherical surface of a single radius between 25 and 35 mm, and a
second surface selected to provide in conjunction with the spherical
surface various common prescriptions. The frame may be 20 adapted to
support left and rk~ht lenses on the wearer so that the centres of the
spherical surfaces are located at or near the centrolds of rotation of the
left and right eyes) respectively. The spectacle frame may include temple
pieces and rim portions for engaging the aft and right lenses. The rim
portion engaging each lens may be formed in the shape of a closed curve
lying on a reference sphere having 25 a radius apprmximately equal to the
radius of said spherical surface. In such speetade frames, the nasal-most
point and temporal-most point of the closed curve may subtend an arc of
greater than 90 with a vertex at the censer of the . spherical surface. The
spectacle frames may include a left temple piece, a right temple piece 30
and a nose bridge. In a preferred embodiment the nose bridge is of
adjustable   ,~ 7 JAN zu~3 WO 00/04414 12 PCT/AU99/00399 length to allow
horizontal adjustment of the lens separation to position the centers of the
spherical surfaces at the centrolds of the eyes. In other embodiments
rimless frames are provided with hinges for supporting temple pieces) the
hinges being adapted for direct attachment to the reference spherical
surface at the 



5 temporal edges of the respective lens. The foregoing is intended only as
a summary of the invention) the scope of the invention being determined by
the literal language of the claim and equivalents thereof. Brief
description of the drawings 10 Figure 1 is a drawing of a Tscheming
eclipse; Figure 2 is a cross-sectional view of a prior art, high plus power
"rotoid" lens; Figure 3 is a cross-sectional top view of a pair of human
eyes, and tenses configured in accordance with a preferred embodiment of
the present invention; 15 Figure 4 is a fuorris-Spratt diagram illustrating
properties of series of lens elements made in accordance with teachings of
the present invention; Figure 5 is a diagram of front curves and through
power ranges selected in accordance with the present invent'ron, with a
portion of the Tscheming ellipse for this special case) overlaid thereon;
20 Figure 6(a), (b) and (c)) 7) 8 and 9 are schematic diagrams illustrating
various aspects of the geometry of tens elements of embod'mnents of the
present invention; Figure 10 presents a comparison of fields of view for an
example of a 6 base conventional lens and a tens and lens element of the
present inveni'ion; 25 Figures 11 (a) and (b) illustrate surface
astigmatism of a conventions! donut   ' 1 JAN 2003  WO 00/04414 13
PCTIAU99/00399 and a barrel tonic when imposed on a steeply curved
spherical lens having principle meridia. shown in Figure 1 t (c); Figures
12(a)-(d) are graphs of tangential and sagittal surface power as a
funct'ron of a polar angle for the donut and barrel tonics of Figure 11; 5
F'~gures 13 and 14 are graphs of tangential and sagittal surface power as a
function of polar angle for the a!1-circular meridia and the averaged tonic
surfaces of the present invention; Figures 15 and 16 are contour plots of
surface astigmatism for tens element surfaces employing the teachings of
the present invention; 10 Figures 17(a)) (b) and (c) illustrate an object
grid and images thereof, Figure I8 is a cross-sectional side view of a mold
which may be used to 



make lens elements of embodiments of the present invention; Figure ~9
contains plots of RMS power error and distortion and a ray-traced grid
cak:ulated for three conventional low base lens and three steeply curved
lens i 5 events in accordar~e with tt~ present invention; Figure 20 contain
pbts of RMS power error and distortion and a ray-traced grid calcuraied for
a steeply curved lens with a conventional tonic back and for an
at1-c'~rcular rneric~a back; F'~gure 21 and 22 are contour plots comparing
a conventional 6 D base 20 progressive lens) with a i 6 D base progressive
lens in accordance with the present inverbion; Figures 23) 24, 25 and 25(a)
illustrate various aspects of the appearance. edging, and glazing of lens
elements of the present invention and spectacle frames for use therewith.
`' 7 JAN Z003 WO 00/04414 PC'TIAU99I00399 14 Detailed description of
drawings and examples Outline I Basic Lens Geometry. 11 Correction Oi
Astigmatism. 5 111 Reduction Of Magnification Effects And Distortion. . IV
Lens Manufacture. V Calculated Performance Of Lens Design Examples. VI
Glazed Lenses And Spectacle Frames. 1 Basic Lens Georn~try t 0 The basic
geometry of lenses made in accordance with the present invention will first
be discussed. Figures 6(a)) 6(b) and 6(c) illustrate, respectively, front,
side and top views of an edged lens 100 in accordance with the present
invention. The origin 102, in Figure 6(a)) is the location of the optical
center of the tens and the design location of the cenEer of the pupil when
wom. The outline 104 15 of the edged lens is indicated from a front view
perspective in Figure 6(a). In Figure 6(b) the temporal edge '106 and nasal
edge i 08 of the lens are shown. In F'~ure 6(c) the upper edge 110 and
lower edge 112 of the ier~s are shown. in the lens embodiment of Figure 6)
the front surface of the lens is a steep spherical curve, the right-most
extent of which is indicated by the line 114. 20 'The steeply spherical
curvature of embodiments of the present invention can be ~ into the lens in
a variety of ways. In the preferred embodiment) discussed above) the front
surface of the lens elernerris is a single radius sphere centered at or
near the centroid of rotation of the eye. Aitematively) the back surface of
the series of lens elements may be a constant steeply spherical surface 25
and centered at or near the centroid of rotation. in these embodamer~is the
other 



surface is of variable curvature) the curvature being selected to provide
at least the appropriate through power for the wearer. For example, if a 16
D spherical front surface is selected for the lens element series, a rear
surface with a curvatcue of 20 D on its major meridian and 18 D on its
minor meridian may be   ,1 7 JAN 2003 " WO 00/04414 15 PC'T/AU99/00399 used
to provide a 4 D through power with a -2 D cyl. Altemativeiy) if the
constant radius surface of the lens element is placed on the back surface,
then the corresponding surface selected for the particular prescription may
be placed on the front surface. 5 In other alternatives, the tens element
or a surface is constrained to lie within a spherical shell. This geometry
is illustrated in Figure 7.. Two concentric spheres, 154 and 156 are
defined by a center at Point P and two radii r, and r2 where r2 > rt.
Together) the spheres define a shell S. A lens 158 is shown having a
nasal-most edge point Q and a temporal-most edge point O. A front surface
10 160 of the lens lies within the shell S. A front surface of the optical
lens element according to the present invention may be a spherical, toric
or rotationally symmetric aspheric surface. tn order to improve vision
further, the front andlor back surface of the optical lens element
according to the present invention may deviate from a spherical form to 15
provide improved optical performance and/or cosmetic appearance. The front
ancUor back surface) as described above, may be derived by the solution of
the optimization problem to minimize a selected merit function representing
a measure of optical aberrations seen by the wearer of the lens. The
correction may atEematweiy, or in addition, improve the cosmetic appearance
of the lens element. 20 Alternatively the surface within the shell may be a
mufti-focal progressive lens as described in greater detail below. in a
preferred embodiment, the lengths of radii r, and r2 differ by no more than
2 rrnrn) and in a more preferred embodiment one of the radii is about 33 mm
and the ~ffe~ ~ the of the r~ and r2 is about .1 mm or less. The front 25
surface subtends an angle OPQ greater than 75) preferably greater than 90
and more preferably greater than i 00. This angle is a measure of the wide
field of view provided by the tens. Alternatively, the lens may be defined
to lie entirely within a shell defined in a manner similar to the shelf S
of Figure 7, where the difference in length of r1 and 30 r2 is less than 6
mm.   ,~ l ~aN zoo3 WO 00/04414 16 PCTlAU99100399 Additionally and
alternatively) the lens may be defined as containing a portion of a steeply
curved sphere such as the portion OD of the sphere having . radius r, in
Figure 7. The reference sphere may be a sphere which lies . intermediate
the front and back surfaces of the tens element. in embodiments of 



5 the present invention this steeply curved sphere may define abutting
surfaces of two lens wafers otherwise made in accordance with United States
Patent No. 5,i87,505 which is hereby incorporated by reference. In such a
case the ophthalmic lens or lens blank is formed as a laminate of back and
front wafers. Because the abutting surfaces of the wafers are spherical, it
will be understood 10 that the wafers may be rotated to achieve the desired
orientation of a cyl correction apptced to one of the surfaces. This is
particularly useful in providing progressive lenses. Other aspects of the
novel geometry of the lens elements of the present invention are
illustrated in Figure 8. A lens 170, with a steep spherical curvature, 15
approximately concentric with the centroid 172 of rotation of the eye, is
shown. The fronto-parallel plane P is tangent to a spherical front surface
174 of the lens. The optical axis 176 of the lens is normal to the plane P
and passes through the centroid of rotation of the eye. A back surface is
identified by the numeral 178. The lens extends in a temporal direction to
a temporal edge 180. The novel 20 geometry of the lens is defined in part
by a holk~nr depth ZH which is the perpendicular d'~stance between the back
surtace 178 of the lens at the optical 0 axis and the edge 180. A related
dimension ZF, is the distance belvveen the Pronto-parallel pine P and the
edge 180. It is instructive to consider the peripheral optical properties
of the lenses of 25 the present invention, such as distortion. In such
cases, reference may be made as shown pn F'~gerre 9 to lens properties
lying ins'~de or outside of a cone of half ante ~ centered on an optical
axis 0. In Figure 9, 8 is shown as a 30 angle. In a preferred embodiment of
the present inventwn, the lens element of the series has a surface
astigmatism of less than .125 D through a cone defined by an angle 8 of 30
at least 25.   Q17 JAN 2d3 - WO 00/04414 PCTIAU99/00399 17 A lens element
of the present invention may be such that for foveal vision the RMS Power
Error (defined below) is less than 3I8 D for eye rotation angles less than
30. Moreover the lens element may be such that for foveal vision the RMS
Power Error is less than 1I2 D for eye rotation angles greater than 30 and
5 less than 40. Finally, the tens element may be such that for foveal
vision the RMS Power Error is less than 3I4 D for eye rotation angles
greater than 40 less than 50. in preferred embodiments, the lens element
may be configured such that for peripheral vision where the eye is rotated
and fixated at an angle of 30 10 temporally the RMS Power Error is less
than 3I8 D for angles t 5 of the fixated position; the RMS Power Error is
less than 0.65 D for angles  10 of the fixated position; and the RMS Power
Error is less than 1.0 D for angles t 30 of the fixated position. Certain
features of the present invention and a comparison with a 15 conventional
tens are illustrated in Figure 10. Figure 10(a) illustrates a plan view
outline selected for a conventional lens and a steeply curved spherical
lens of the present invention. A conventional 6 D base lens 200 is shown in
Figure 10(b) and a 16 D base lens 202 ~ accordance with the present
invention in Figure 10(c)) both having the same plan outline as in Figure
10(a). The apparent field of view is 20 measured between edge rays centered
on the center C of the pupil in the pupillary plane. The cornrenlional base
6 lens 200 has an apparent field of view of about 



105 while the lens 202 has an apparent field of view of about i 30. ti a
larger lens blank aru! plan are empbyed) a 16 D base lens 204 of the
approximate size of Figure 10(d) may be produced. Such a lens may extend 25
horizoniaby from the nasal margins 206 to the temporal margins 208 of the
orbital region producing an apparent field of view of about 170. Such a
lens woukl have no temporal edge could be seen by the wearer when gazing
straight ahead. Moreover, the temporal lens edge thickness 210, would not
be readily observed by other people because it curves in a posterior
direction, thus improving the 30 cosmetic appeararx;e of the lens. Finally,
the rear surface 212 of the lens would   ~ '~ JAN 2003 WO 00/04414
PCT/AU99/00399 18 Clear eyelashes of normal length for a broad range of
prescriptions. 11 . Correction Of Astigmatism a i Steeply curved spherical
lenses in accordance with the present invention present particular problems
when a cyl correction is part of the wearer's 5 prescr~iion. Common tonic
back surfaces may not provide acceptable performance. In particular)
conventional tonics do not work very watt at the periphery of steeply
curved lenses. The ideal back surface for a cyl Rx (neglecting things lifce
ray obliquity) would have a constant surtace astigmatism appropriate for
the prescription. No 10 such surface exists. Tonic surfaces are a
manufacturabte approximation to this ideal. There are two standard types of
tonic surfaces, sometimes referred to as donut tonics and barnel tonics.
Each is made by sweeping a circular arc around a axed axis. tf the radius
of the circle is smaller than its maximum distance to the fixed axis then
it is a donut tonic, otherwise it is a barrel tonic. Both types of tonics
15 have circular cross sections along the two principal meridians. Because
of this (and symmetry) the tangential power is correct everywhere along
these meridians. in addition each type of tonic has a "preferred" meridian
where the sagittat power is correct. For the donut tonic it is the lower
tangential power meridian) for the barrel tonic it is the higher tangential
power meridian. Zero tangential and sagittal 20 errors means the surface
ast'~nat~n is identically zero along the preferred meridian. Examples of
conventional tonics in steeply curved lenses are shown in Figures 1 i (a)
and (b). Both examples have a tar~gentiat power of 18 diopters ( ~ n=
1.530) on the equatorial 180 degree meridian and 20 diopters at 90 degrees)
25 for a nominal 2 cyl. The plots are 45 mm in diameter and have 0.1
diopter contours. Circular prirrcipie meridional curvatures CI and C2 are
shown pictorially in Figure 17 (c). CI and C2 intersect at a central point
at the pole P at an angle of 90. It will be understood that other
"non-principle" meridia may be defined radiating from the central point.
,9 7 JAN 20p3 - WO 00I04414 PCTIAU99/00399 19 The preferred axis is obvious
from the plots of Figure 11. The tangential and sagittal surface power for
angles 0 to 90 degrees around radii 0, 10, and 20 mm from the center are
shown in Figures 12(a)-(d). From the Figures it may be noted that the donut
and barrel tonics both have 5 the correct tangential power at 0 and 90
degrees for all radii. The donut tonic has the correct sagittal power at 0
degrees, but an error at 90 degrees that increases 



with radius. The barrel tonic has the correct sagittal power at 90 degrees
and errors that increase with radius at 0 degrees. There is something
obviously asymmetrical about both of these tonics; they 10 each have a
preferred meridian. There are, however) functions that presence the correct
tangential powers along the main meridians but treat the sagittal powers
more symmetrically. One way to construct a function with the desired
tangential behaviour is to force the cross section along every meridian to
be circular. The function would have the form 15 z(r,6}=R(8)- R(8)2 -r`
Where R(8) is the radius of curvature along the 8 Meridian, and r = xZ +
y'- . The values of R(O) and R(90) ane fixed by the desired tangential
powers and the povHers at iMerrnediate angles are determined by
interpolating between these end values. A form for the interpolation comes
from the recognition that the form of the 20 above power profiles are
nearly sinusoidal. So a good first approx~natron for the R(8) would be
P(e)=P(0)+(P(90)-P(O))(1+cos26) / 2, and R(8)=(n-i ) / P(8) where P is the
tanger~tiai power and n is the index of refraction needed to convert powers
to curvature. To add more control over the sagittal behaviour, more Fourier
25 temp could be added to the interpolation. For more control over the
tangential behaviour the power could be made poiynominal in r. For a simple
surface no extra degrees of freec~m would be required. The plots of Figure
13 show the tangential and sagittat powers as a function of angle as shown
above for the tonics. Notice that the tangential errors at intermediate
angles are less than the 30 donut and greater than the barrel tonics.
Notice also that the sagrttal power is   1 7 JAN 2003 - WO 00/04414 2O
PCT/AU99/00399 corrected at 0 and 90 for r = 0 but starts missing on both
meridia, more or less symmetrically, as the radius increases. For a surface
that is not axially symmetric there is a weak contribution from the angular
behaviour on the tangential curvature. This is because the normal vector is
not in the same plane as the 5 circular cross sect'ron. Another way to
produce an "unbiased" cyl correction surface is to average the convent~ona!
donut and bane! tonics together. Doing this g'nres results that are similar
to those for the surface constructed from circular meridians. The angular
plots for the averaged tonics are shown in Figure 14 in which Z = a~ -~
(i-aBjZa 10 where Z is the surface height of the lens) Zs is the surface
height of a conventional barrel tonic; Z~ is the surface height of a
conventional donut tonic; and aB is a weighting factor such that 1 > aB >
0. Figure 14 shows the specific case for aB = 0.5. It is difficult to tell
from the plots of Figure 14, but there are significant 15 differences in
the angular behaviour of the tangential and sagittat powers for these
circular meridia and averaged tonic surfaces. The contour plots of Figure
15 compare the surface astigmatism of the averaged tonics and the circular
meridian functions. The plots have the same 0. 1 diopter contours and 45 mm
diameters as before. 20 The astigmatism behaves more simply for the
circular meridian surface than for the averaged tonics. To show the effect
of adding Fourier terms to the angular interpolation, one extra coefficient
can be adjusted to 'round out" the e~iptical looking c~tours. The results
are shown in Figure 16. Note that the rneredians stilt all have circular
cross sections, only the angular interpolation has 25 been changed
slightly. The circxolar meridia and average tonic surtaces have additional
properties of note. The surface astigmatism of the surface at any point off
the principle meridia is less than the larger of the surface ast~matism of
the barrel tonic or the donut tonic at the same point. in addition) the
average tonic or circular meridia 30 surfaces &e beiweere (have an
intermediate Z value) between the hams! ionic and   ~9 7 JA1~ Z03 



WO 00I04414 the donut tonic of the same prescription. PCTIAU99I00399 21
White the foregoing tonics are preferred for use as back surfaces for
lenses of preferred embodiments of the present invention, it is possible to
use conventional tonics or generalized tonics to provide for the fens. 5
Attematively surface correction for lens elernents of the present invention
may be provided by producing a back surface in accordance with the
following mathematucat description of a symmetric polynomial: n k Ck- j,,
xt ~ y i . A'0.3.. /.0.2... A number of measures of optical aberrations of
a lens are defined as 10 follows Mean Power Error (MPE) Cyl Error RMS Power
Error (RMS blur) _ s" +s 2 _, ~ in - ~~En -~2x~ +4,2~ E;I +2E;, +P~ u2 (
Ira - r (mpe)' + ~ (eyl trror?'' 15 where s is the focal error matrix and
may be written Q11 Q12 ~c Q21 ~9? where sl, = E~, by the choice of the
orthomormal basis set. Where these terms are calculated by considering
specifically the optical properties of the tens, the terms Optical Mean
Power Error, Optical Cyt Error and 20 RMS Optical Power Error apply. The
merit functions) may be selected from the following funct'rons depending on
the specific application of the optimized tens:   1 7 JAN 2003 WO 00/04414
22 PCT/AU99/00399 M, =~(rmsblur)B a M, _ ~ ((mpe)'' + (cyl trrnr)2 ) a a M,
~ ~ 16 (mpt)' + (cyl trror)' JB ha~ad vnurr~ ohsque 



M.~= ~,(~nlB+ ~,(~~)o+ ~(mPe)e a a a 5 M~ _ ~~(mpe)'- + 16 (cyl error) ~B
where summations are over a number of sample eye rotations 8. In the case
of Alts, there are different blur measures used depending upon whether the
sample point 8 represents a horizontal, vertical, or oblique rotation from
the "straight ahead" position. This mode may provide some generalizatron of
10 the aspheric "minimum tangential error" design strategy. The modes M3
and Nts represent 'minimum astigmatic error" and 'minimum mean power error"
strategies respectively. In a still further embodiment, a temp may be
included in the merit function that represents the cosmetics of the lens.
For example, instead of using M atone . 15 a nwdi~ed merit function may be
defined by M*=M+~o~`~ i xr where ~ denotes the number of sample eye
rotations 8 considered in M) r is a specfied lens radius) and V is the lens
volume out io the radius r. The factor ~, is seen to be weeghting on the
average lens thickness. 20 111 Reduction Ot Magnification And Distortion
Spectacle leases either minify or magnify objects viewed through them. This
occurs because the principal planes of conventional spectacle lenses are
(~ 7 JAN 2003 WO 00l04414 23 PCTlAU99/00399 located close to the tens and
do not coincide with the entrance pupil of the eye. In general, plus power
lenses make things took bigger) and minus power tenses make things loots
smatter. Magnification also changes the perceived direction of objects in
the peripheral field, and causes the apparent field of view to differ from
5 the true field of view through the tens. In addition to rnac~ifiicaiion,
spectacle lenses also distort the shape of objects viewed through them. For
an eye looking straight ahead, minus lenses create so-called "barrel
distortion" in which rectangular objects appear compressed in the periphery
so that squares took tike barrels. Conversely) plus 1 D powered tenses
create "pincushion distortion" which stretches out the corners of the
squares. The two effects add together to degrade the perception of object
size, shapes, and position. Textbooks on ophthalmic optics teach that it is
not practical to correct distortion in spectacle lenses, and are silent
about the desirability of 't 5 reducing magnification effects. Yet one of
the touted visual advantages of contact tenses is chat the close fit of the
lens to the eye reduces magnification and ckstortion effects) allowing a
more natural correction of vision. It would seem desirable to reduce the
magnification and distortion of spectacle lenses if it is possible. 20
Relative Spectacle I~lagn~cation 



For a dishant object, the magnification effect is defined by the folbwing
equation Re IatiyrSpectucleMogntfication = I I 1 _ ~~ 1- tF, n where d (dy
~n F'egure 3~ is the distance from fhe back surface of the lens io the 25
entrance pupil of the eye) F" is the back vertex power in diopters, t is
the thickness in meters) n is the index of refraction, and F~ is the front
surface power in diopters. The part of the equation inside the first set of
brackets is often called the   1 7 J A N 2003 WO 00/04414 24 FCTIAU99I00399
"Power Factor" because it shows how much magnification is due to the lens
power. If d could be equal to zero, then the power factor woutd be equal to
1. ~in other words) a tens in contact with the eye would have very little
magnification due to its power) and this is what happens with contact
tenses. SpectacEe tenses are 5 positioned away from the eye to avoid
contact with the eye, eyelids, or eyelashes so this term is greater than 1
for plus tenses and less than 1 for minus lenses. In other words, plus
power spectacle lenses tend to magnify and minus lenses lend to minify.
According to context, the term "magnification effects' are used to describe
both magnification and minification. 10 The part of the equafion inside the
second set of brackets is usually caned the 'Shape Factor" because it shows
how magnification varies wish the thickness and curvature of the lens. tf
lenses had no thickness, then t would equal zero and this temp would be
equal to 1. The ideal "thin lens" of third order optics would not have any
magnification effect due to shape. Contact lenses come close to 15
approximating this condition because they can be made extremely thin.
Spectacle lenses do have a significant thickness to avoid breakage and
always have positive front surface curvatures, so this term always is
greater than 1. In other words) all posirive meniscus spectacle lenses tend
to magnify due to their shape. To ekneinate magnification effects, the
equation must be set equal to 1, so 20 the product of the power and shape
factors must be equal to 1. Since both the power factor and shape factor in
plus tenses are each greater than one) their product cannot squat 1, so no
plus lens in a positive meniscus form can ever be free trom magnification.
On the other hand, minus tenses have power factor less than ~ 1 and a shape
factor greater than 1, so it is possible to force these factors to 25
car>cet. To do the, we must solve this equation for unit magnification.
After doing so we get the fobowirtg relationship: _ ndF,. This eduation
specifies the lens thickness which eliminates spectacle   ,1 l JAN 2003 WO
00/044x4 25 PCT/AU99/00399 magnification effects. it works by placing the
second principal plane of the lens at the entrance pupil of the eye.
Achieving this in a practical thickness requires two 



things: a minus lens power and very steep curves. Distortion 5 Acxording to
third order theory, distortion can only be eliminated within tenses so
steeply curved as to be impracticable. Jalie, M. The Principles of
Ophthalmic Lenses 4th Edition p. 461. Third Order theory in fact requires
back surface curves in excess of 35 iopters, which would be nearly
concentric around the entrance pupil of the i 0 eye; such surfaces indeed
would be impractical. A truly concentric lens design which has both
surfaces concentric around the entrance pupil of the eye would have no
distortion at all because the symmetry of the lens would ensure that all
bundles of rays from oblique objects would encounter the same surface
slopes as do those from central objects. While concentricity about the
entrance pupil does 15 require extremely steep curves) we have found that
somewhat flatter curves also drastically reduce distortion when they are
combined wiEh lenses which have principal planes located close to the
entrance pupil. This occurs with tenses designed to rec~ce nninificatwn in
minus power lenses) and resuk in lenses which are more nearly concentric
around the centroid of rotation of the eye. 20 In fact) it is higfily
desirable to make the lens concentric about the center of rotation of the
eye, because this will improve the symmetry of the lens for the eye as it
turns to view obits in the peripheral field, resulting in improved
resolution. If we strxgy requke that one surface of the lens be concentric
around the centroid of rotation of the eye, we can derive a thickness which
virtually eliminates distortion. 25 in this case) a sp~ial form of the
equation for lens thickness is required. for exartrple) in a lens which has
its front surface concentric around the centroid of roiat~on of the eye, we
can solve for t in temps of the radius of the front surface, fitt'mg
disfance) the index of refraction) the back vertex power, and the distance
of the entrance pupil from the center of rotation of the eye. In this case
1 7 JAN 2003 WO 00l04414 26 PCTIAU99/00399 ~F,. (r, - K~ + k, ~-1~+ (F,.
(r, - Kr + k, ~-1~'' - 4F,.'d fk, 2F,. ' where k - nr, n-~ {2) is a lens
shape factor, r~ = radius of front surface; dr = distance from the f rout
lens surface to the plane of the entrance pupil; and ICe is the distance
from the center of rotation of the eye to the entrance pupil of the eye as
shown in Figure 3. 5 Figures 17(a)-(c) show the advantage of this kind of
design. Figure 17(a) is a representation of a large grid to be viewed from
a great distance) such that the grid extends 45 degn~es to the left and
right of the viewer. Figure 17(b) is a 



cak:ulated image of what a person wearing a conventional -5.00 D lens would
see: the grid appears smaller and distorted in shape. Figure 17{c) shows
the calculated 10 image seen by a person wearing a lens designed to
eliminate distortion according to the previous equations. The image appears
almost identical to the original or~ject. !V Lens Manufacture Ophthalmic
lens elements according to the present invention may be ` i 5 fomwlated
from any suitable material. A polymeric material may be used. The polymeric
material may be of any suitable type. The polymeric material may a
therrnoplarMic material such as potycarbonate or themnoset material such as
dialiyi giyoo! carbonate type, e.g. CR-39 (PPG Industries) may be used. The
polyrneric amide rnay also be formed from cross-linkable p~olyrneric 20
casting compositions, for example as described in United States Patent
4,9i2,155 or Ur~ied States Patent App~caiion Serial No. 07l781 (392, the
entire diacbsures of Hfiid~ are ir~orporated herein by reference. The
polymeric material may include a dye) including) for example, a
photochromic dye, which may be added to the monomer formulation used to
(17 JAN 2003 WO 00/04414 27 PCTJAU99J00399 produce the polymeric material.
The optical lens element according to the present invention may further
include standard additional coatings to the front or back surface,
inctuding eiectrochromic coatings. The front lens surface may include an
anti-reflective (AR) 5 coating, for example of the type described in United
States Patent 5,704,692) the entire disclosure of which is incorporated
herein by reference. To make sun lenses or to provide a desired cosmetic
effect) a partially reflective coating may be applied to the lens. The
front lens surface may attematively or additionally inclu de an abras'ron
resistant coating) for example of the type described in United States 10
Patent 4,954,591, the entire disclosure of which is incorporated herein by
reference. The front and back surfaces may further include one or more
surface treatments conventionally used in casting compositions such as
inhibitors, dyes including thermochromic and photochromic dyes, for example
as described above, i 5 polarizing agents, UV stabilizers and materials
capable of modifying retractive index. Figure i 8 illustrates a mold
suitable for making a lens element in accordance with teachings of the
present invention. The mold includes a front mold portion 300, a back mold
portion 302 and cbsure flange portion 304. The 20 lens element may be
fom~ed in the cavity 306 between the mold halves by injecting liquid lens
material through port 308. Air escapes through port 310. When the lens
element is hard, the mold halves are separated. It wiN be observed chat the
lens element as it leaves the mold will have a radial flange 312, which may
be removed in later processing. 25 V Calculated Performance Of Lens Design
Examples Example rt Table 1 shows a comparison of the cak;uiated
performance of a polycarbonate lens made in accordance with the present
invention and a   ,1 1 JAN 2003 WO 00l04414 28 PCTIAU99I00399 conventional
tow base curve lens. Concentric formConventionalIndex of
refraction1.5861.586Power-3.00-3.00 dioptersThickness2.02.0 in mmFront
Surface Curvature (1.530 tooling index)16.004.00 dioptersFront Surface
Radius33.1132.5 mmO~icat power of front surface17.74.4 diopters (higher due
to 



1.586 index)Paraxial Magnifiication0.970.96Apparent field of view130i 05 in
degrees, for the edge outline of Figure 10(a)Opt~al Values at 30 degree eye
rotation:Distortion-i .10%-3.10%Astigmatism0.020.17 dioptersMean Power
Error0.070.025 dioptersRMS Power Error0_070.09Chromatic Aberration0.110.16
prism diop~ters Example 2 !~igure 19 ~ktstrates a ted comparison between a
series of steeply 5 curved spherical leas elements of -6 D, -3 D and +3 D
power Figures 19(a)) (c) and (c)) respectively] with catresponding taw base
curve Sofa Perrna-Poly'r"' stock lenses [Figures 19(b)) (d) and (f),
respectiveiyj. The steeply curved spt~ericat lens elements have essenfrally
identical) spherical front surfaces of 16 D as shown in the lens cross
sections 400. 10 Geneoally) the steeply curved spherical tens elements
provide superior periptierai   17 JAN 2003 WO 00/04414 29 PCT/Al199I00399
distortion. The lenses of Figures '19(a) and 19(c) also exhibit reduced RMS
power error in the minus prescriptions. Example 3 Figure 20 illustrates a
calculated comparison between two steeply curved 5 spherical lens etemenfs
w~h a i6 D front surface -3 D through power and a back surface cyi
correction of -2. The lens of Figure 20(a) has a conventional donut torus
back; the lens of Figure 20(b) has an att circular meridia back of the type
described above. The latter exhibits superior RMS power error and somewhat
improved distortion. 10 Example 4 The final set of examples (f=igures 21
and 22) are a calculated comparison between a conventional base curve
progressive fens and a progressive tens accord~g to the present invention.
Figure 21 compares distance vision properties of a conventionally curved 15
Sofa XL progressive lens, with a lens in which a similar progressive fom~
is placed on a tens element with steeply curved (1t5 D) base curve. Fogure
22 compares near vision properties of the Sofa XL progressive lens with the
steeply curved lens of Figure 21. taeneratly spealang) progressive tenses
made in accordance wish the 20 present invention are characterized by a
sieepty curved reference sphere or spherical shelf approximately conoeMric
with the centroid of rotation of the wearer in the as wom position. Such
lenses have an upper viewing zone for distance vision; a lower viewing
zone, having a greater power than the upper viewing zone for near vision
and an wrtermediate zone c~necting the upper and tower zones) 25 with power
varying between the upper and lower zones, including a corridor of
relatively bw surface astigmatism. 



~ ? JAN Z003 WO 00l04414 30 PCT/AU99/00399 In one embodiment the steeply
curved reference sphere corresponds to the front surface of the central
part of the upper viewing zone. fn another embodiment, the progressive
surtace is on the front surface of the lens and ties within a steeply
curved spherical shelf of thickness less than about 2 mm. In both
embodiments 5 the radius of curvature of the shell or reference sphere may
be less than 50 mm, preferably between about 30 and 35 mm, most preferably
about 33 mm t about 2 mm. Suitable front surface designs for progressive
lenses are illustrated for example in applicants patent application Serial
No. 08t782,493 filed July 10) 1997, now United States Patent No. 5861935A.
10 V1 Glared Lenses And Spectacle Frames Spectacle frames for use in the
present invention are adapted to hold lenses of the present invention in
the approximate positions shown in Figure 3. The spectacle frame may be
rimless, partial rim or full rim. in preferred embodiments the lenses, when
mounted in the spectacle 15 frame, exhibit essentiaNy no tilt or wrap
angle. The spectacle frame may ir~ude an adjustable mechanism for altering
the positrons of the optical axes of the lens to correspond to the axes of
straight-ahead vision of the wearer. Figure 23 is a perspective view of
eyewear 400 including lenses 402 and 4a4 and spectacle frames of the
present invention. The lens shape creates a 20 cosmetically interesting
object. The spectacle frame in Figure 23 is shown with a rirn portion 406
and temple pieces 408 and 4i 0. The rim of the spectacle frame surrounding
each lens is adapted to correspond to a closed curve lying on or near the
steeply curved reference sphere of the lens. Because of the consistency of
this curvature through a range of prescriptions, a single frame or frame
design 25 may be ttt to any prescription in the range. , Figure 24 is a
side elevation of the eyewear of Figure 23 on the tace of the wearer. The
Figure illustrates another aspect of the visual appearance of the eyewear
due to the steep curvature of the lens and the complex three-dimensional
shape of the lens edge. The Figure also illustrates that a lens of
relat'n~ely small   ,~ ~ JAN 2003 WO 00I04414 31 PCT/AU99/00399 size
provides a wide field of view and good eye protection. 



Figure 25 is a front pictorial view of eyewear embodiment 412 according to
the present invention illustrating certain mechanical aspects of the
invention. The spectacle frames of the embodiment of Figure 25 include a
nose bridge 414 and 5 hinged temple pieces 416 and 418. Together these
components comprise a three-piece) rimless spectacle frame. The temple
pieces 416 an 418 include hinges 420 and 422) and mounting tabs 424 and
426. In a preferred embodiment, the tabs 424 and 426 are surface mounted
onto the spherical front surfaces of the lenses. li wilt be understood that
10 these mounting surfaces wilt have a consistent position and angular
relation with respect to the frame, regardless of the prescribed through
power and cyl correction of the lens. in a similar fashion, tabs 428 and
430 of the nose bridge 414 may be surface mounted on the respective front
surtace edges of the lens. The nose bridge 414 is shown in cross-section in
Figure 25(a). 15 Advantageously, the nose bridge may be made an adjustable
length to compensate for different papillary distances (Po in Figure 3)
commonly found in different wearers. This adjustable feature pem~its the
optical axes of the lenses to be a~ned with the axes of vision of both
wearer's eyes. One mechanical structure suitable for producing this
adjustable feature is shown in Figure 25(a), it being 20 understood that
other combinations of moving or flexible structures could be adapted to the
purpose. In the embodiment of Figure 25(a)) the tabs 428 and 430 are each
carried by members 432 and 434) respectively) which are inserted into
opposite ends of a tube 436. Set screws 438 and 440 hold the members 432
and 434 in position. The sei screws may be loosened to permit adjustment of
the 25 length of the nose bridge by sliding the members 432 and 434 within
the cube to different positions. Acxordingly, novel) high optical quality
lens elements with steep spherical curvature are provided with prescribed
through-power and cyl correction, and mooted in spectacle frames adapted
for use therewith.   ,1 7 JAN 2003 WO 00104414 32 PCT/AU99/00399 The
present invention has been described in connection with various embodiments
and examples. However) the invention to be protected is defined by the
following claims and equivalents thereof recognized in law. .Q   r .) ,1 7
JAN 2003 33 CLAIMS 1. A ier~s elerrrerrt adapted for mounting in eyewear)
the lens element having a spherical surface with a radius of curvature less
than about 35 mm) said lens element being adapteed for positioning such
that a center of curvature of the lens element is located at the oerrlroid
at rotation of the eye, wherein the ier~s etemerrt is suifiaetr~ large io
provide a field of view greater than 56 in the temporal dirediorr nom the
iorwr.~rd-lir~e oaf sight and has a through power in the range of at least
approeir~iel~ +4 D is -6 D. 



2. /~ tens acc~r~ding to claim 1) wherein ~e lens elexnerrl is a single
vision lens element selected tram a series of lens elemerrts haring through
powers o~t~ firom at least approxmnately +2 D to -2 D and approximately the
same radius, of curvature. 3. A series of ophthalmic lens elements, each
lens element having a: spherical fiont sur~ce which is approximately
concentric with the cerrtroici of ro~ion of the-eye in the as wom position;
approxwnetely the same radius of curvature which is esserrtiaMy a single
vaAre foribe~series irr the range 25 to 50 mm t-about 1 mm; anct vein the
lens e~rnenls~irr~series have various common prescription through powers.
Arr ~Ir~C liens elerrrent series according, i~ claim 3, wherein the lens
elemer~ hoe-ihrouglr powers of from at least approxinraiely +4 D to~ -6 D.
5. /1n o~ph~llra~mic lens elemerd series acoorrding io clam 4, wherein the
lens eletmerr~ hcwe ihnough powers of approxin~iely +2 D. 6. M opt~almic
lens element series acxording to claim 4) v~herein the lens elements hare
though powers ai approximately -2 D. 7. An ophdlra~mic lens eternent series
according to any one of claims 3 to 6) v~rherein lens elernerrts in the
series are lens blanks or edged lenses having a back surEaoe such chat the
tens element has a prescribed asiigimatism cornediow and   34 through
power. ~) l JAN ~~~~ 8. An opMhaknic lens element series according to any
one of daims 3 io 7, wherein the back sues between a barrel toroid and a
donut toroid) both having the same principle meridia and the same power
along said principle mesa 9. M ophUiaAmiG i~ens element series acxording to
claim 8, wherein the sur~aOe asiigmalism d said beds surface at any poiint
off the prir~iple meridia is kss than the ~r of the sasfigma~tism of the
barrel ior~oid or the donut ioroid a~ilre same point. 10~. Arr oph~a~nic
lens element series according to claim 7, wherein the back surface is
defined such that the surface height Z of the lens element from a
ironto~pa~a~e! pbne at any. point, on the back surfac.e is a Nnear
combination of the height of a barrel toroid) Zs) and the height ofi the
donut toroid, Z being bounded by the values of ZB ancf ZT_ 11_ Iin
oplrl~lraA~nic lens elemexrt series according to any one of dairns 8Ho 10,
wherein the barrel torpid and the donut torpid each have principal meridia
defined by a~ cyl p~scriptic~rn at the w~eerer. 12_ An opMhe~mic lens
elerr~rrt series according to daim 7) r~rherein the cross~se~dion of the
back sure of the lens element along any meridian is 13. M oplr~aAmic lens
element series acooMing io daim 12, wherein the cre oaf each r meridian is
equal to the ir~siaManeous curw.~re oaf a corresponding meridian at the
center oaf a corrreMional torus given by the 14. M ophihakrac lens element
series according to claim 12, wherein the back surface ~ism correction is
given by the surface height function z (r, B) where 



. ,17 JAN 2003 35 z(r,6)=R(6)- R(6)2 -r2 and where R(6) = R(0)R(~) R(0) sin
2 6 + R(90) cos 2 6 Is the radltlS Oif CIIrV~lfe alOrlg the 8 merldlan) r =
x2 + y2 , and ihe~ vaAres R~0) and R(90) are the radii at curvature along
the principle 15. M oplrlhaknic lens element series according to daim 7)
wherein the back sv~e, ioge~er with the iroM surface) provides a nor~zero
through pawer and the beds su~c~e is defined by the equation:  x z = ~ ~C
x'~-' ' ~-r.i y x~,z..,;-o.z.. 16. M oplrthahmic lens eiemer~t having a
surface which lies within a spherical shelf de~fmed by two concentric
spheres having radii whose lengths differ by no more ilwn 2 mm) the sn~a~er
o~ the radii 6~eing no more than 50 mm in length and a! least two poi 0 and
(~ on the edge of the surface subdend an angle OP4 greaser than 80 with
respell to a center of the shell P. 17. M aplrMrakr~c lens elerr~nt
according to claim 16, wherein the smaller of the rad~ is been
apprmonrately 25 and 35 mm. 18. M oplrlhaknic lens art aaording to claim 16
a 17) wherein the sur~Ce has a radius of abad 33 mm t about 2 mm. 19. M
oplrU~mic lens element ac~rding to any one of dairr~ 16 to 18, vrher~ein
the drlterence in lengAh d the radii is about 0.1 mm or less. 20. An
opMt>a~mic lens eiemeM according to chasm 16, wherein the angle OPQ is
greaser than 90. 21. M opht~mic lens erennent according to claim 20,
wherein the angle OPQ is greater than 100.   1 7 JA N 20p3 36 22. An
ophthalmic leas element according to any one of claims 16 to 21) wherein
the surface is the front surface of the tens element) and the rear surface
is configured so that the leas element has a selected through power of t4 D
to -6 D and a seiec~d as~r~atic correction. 23. An tic tens eiemerd
according to any one of claims 16 b 22, wherein the lens e~ment is
wrotrrrted in eyewear so that the center of the shell is loci approximately
at the oer4roid of rotation of the eye when the eyewear is 24. An
oplr8raknic leas element according to any one of claims 16 io 23, such
ii>at fo< vision the RMS Power Error is less than 3I8 D for eye notation 



angles less than 30. 25. An ophthaknic leas element ac~rding to claim 24)
such that for foveal visiorr the RMS Power Error is less than 1 t2 D for
eye rotation angles less than 40. 26. Arr ophMraAmic. lens element
acxording~ io claim 25, such chat for ioveal vision ihe~ RAE Power Error is
tens than 3!4 D for eye rotation angles greafietr than 40` acrd less than
50. 27. I~rr~~oplrlhafirriG lerra~ element accorrdirrg to any orre of
claims 16 io 23, such drat: for ~pheral vision where the eye is rotated and
fined at~ an angle of 30 ieinrpaa~ the RI~AS Power Error is less than 3I8
~D for angles t 5 of the fioc~ed Pte' 28. M opMhal~mic lens element
according to claim 27) such that for peripheral vision wf rere the eye is
rofal~ed and fixated at an angle of 30 temporally fhe RMS Power Error is
less than 0.65 D for angles  10 of ~tlre fixated position. 29. An
ophUralmic lens element according to claim 28, such that for per~herat
vision wAere the eye is rotated and fixated at an angle of 30 temporally
the RMS Power Error is less than 1.0 D for angles t 30 of the fixated
position.   ,~ 1 JAN 2a03 37 30. An ophtha~nic lens element including a
spherical front surface which is approximately concentric with the centre
of rotation of the eye and having a base curve of 16 D  appro~amateh 1I2 D
and exhibiting relatively low RMS power error o~rer approximately ~i0
degrees of eye rotation. 31. An ophlhaAmic lens efemer~d acxording to claim
30 such that for foveat vision the RMS Power Error is less than 3I8 D for
eye rotation angles less than 30'. 3~: M opMha~nic lens element according
io claim 31 such chat for iaveal visionHhe RIMS Power Error is less than
1I2 D for eye rotation angles less than ~0_ 33. An~ oplHhaknic lens element
according to claim 3Z such that for fovea) vision the RMS Power Error is
less than 314 D for eye rotation angles greater than 40 and less than 50.
34. Mr oplmic )errs elerrrerrt acxading to claim 30 such that for
peripheral where the eye is and fixated at an angle of 30 tenrporaNy the
RMS Power Error is lesx~ than 3J8 D for angles ~ 5 of the fixated position_
36. Presaip~io~n eyewear ir~krdirrg a pair of ophthalmic lenses wherein
each lens w~~ corrlain ~ spt~ne e~rrding to edges of the lens haring
averagen adir of no moe~e~ iharr. approxirna~ely 3~ mm c~Mered
approximately in the cenboid ofi ro~iorr al the a eye, and has a maximum
hollow depth of a! least appr~ourin~iely 8 mm. 36. Eyevrear accordirrg io
claim 35) wherein the maximum hoNow depth d each lens is at least
appro~an~leh 10 mm. 37. Eyeweer according to claim 35 or 36, wherein the
front surface of each lens is generally spherical with a radius of
curvature of no more than 35 mm and the rear surbce is corrrrgtrred so that
the lenses have selected through power of at feast appro~arr~ateh -M D to
-6 D and prescribed astigmatic correction.  



y1 ~ JAH ~~~ 38 38. Eyewear according to claim 35, wherein the eyewear
further comprises a frame and wherein each tens is selected from a series
of ier~ses having commonly prasaribed througA' power and asfigmatic
corrections and wherein the radius of curvature o1 each elemerrt in the
series is sut~aeMly similar to aNow use of any element irt the series in
the same spectacle flame. 39. Eyewear according io arty one of claims 35 to
38) wherein the racers of curvature of~ both leases is about 33 mm. 40. A
series of minus power ophthaknic leas elements having a surface r~rhic~
ties wi~rr a. spherical shell of a ihicr<rress rw greater than 2 mm and a
racrw~ at no more ttr0n 50 mm) the leas elements in the series having
thicknesses at their geometric centers which increase with the magnitude of
the absolute vakre of P 4?. A minus power ler~ series wording to claim 40,
wherein the element has a thickness t at its center given by the fur~ctbn
wherein ri is. the indeac of refraction of the lens material) d. is the
distance iron the lens Deck surbce b the en~ar~e pupil af- the eye, F" is
the back surfave optical power and Ff is the front s~Ce opal power defined
as F =(_1) r 42. Prescription eyerwue~ indvding a leis having a 9eneralltr
sph~erical~ curraiure ap~proeimaiely fed on the cetrtroid of ralntion of
the. eye wfrereirr ilre lens ehorimoMall~t iron the nasal margins of the
orbital region io the te~mpora! margins orihe orb~al region) said lens
having a concave rear surface which dears the eye lashes and a through
power 'from the temporal io nasal edge of the lens varying by no more Than
0.5 D firom the prescription power. 43. A method of providing prescription
eyewear inckrding the steps of providing a lens element having   ~ ~ JAN
Z003 39 a front surface which fires within a spherical shell of a thickness
no greater than approximately 2 mm and a radius of no more than proximately
35 mm; and a rear surtacx' corfigured so that the lens element has a
prescribed through power and a prescribed astigmatism correction; and
poditiorring the lens elerrrerrt on the v~aner so that the cerder of the
spherical shell yes appro~dml at the centroid of rotation of the eye. 44. A
method aeeor~ng io claim 43) wherein the leas element is positioned by
g~zirrg iire~ lens element into a iranre haring a standard ~ aperture
corresponding to a radius. d a spherical shelf common to a series of lens
elements haring different Pte. ~~ P'~~ D~ 45. A method: a~ording~ to claim
39, wherein the lens element isa provided with a bade surface v~icW has a
circular cross section akxrg any meridian passing through its origin, and
whose curvatures along those meridia are identical to the ee~r~ral
curvaAures of the equivalent conventional tonic. 46. I4 ~ firarrrre su8abie
for use with a series of optrthaAmic lenses, traring. a_ spherical surface
of radii R between approximately 25 anct 35 mm) eodr leers in the sesiw
having the same rakre of R, and a ~ second sudaoe xio proride) in coiiorr
with the spherical surface, a range of common prexripliorrs, said
supporting left arid rigM~ ler~ses.in the-as wom position so 



iha~h ifre: of tlre~ sptrerical surfaces are boated approxinraleH at- the
cerrinoids d rotation d ilre~ le~lt and rigtrt eyes, respedirelY. 47. II~
spedade frame aaording to claim 46) comprising temple pieces and rim
portions for engaging the left and right leases) wherein the rim portion
engaging each lens is formed in tire shape o4 a closed curve lying on the
surface of a sphere Craving a radius approxirrratety ec~al io itre radius
of said spherical surface. 48. A spedade frame according to claim 47,
wherein the nasal-most poirrt and tempora~nrost point d the dosed curve
subtend an arc of greaser than 90~ with a vertex at tire oerrler d Ure
spherical surface.   .~o 1~ ~' ,l~N ~~~ 49. A speefacle ftamte according to
any one of claims 46 to ~8, including a left temple Piece) a right ample
piece and a nose bridge. 50. A spectacle frame awarding to claim 49,
wherein the nose brie is c~ ad'ttrstab~e leng~tt~ to a~or~r hanrtzonta!
adjustment of the lens separation to position the cer~rs. o~ ~e sphericat
suntaoes ~ ~e cer~roids of the eyes. 51. A she frame according to daim 5(1,
fi~tt~er including hinges for suPD'ating~ said iempie pieces, said hinges
being ada~ed for attact~rr~er~t ~ the spheri~ s~w~ve at the ierr~pora!
edges o~t the msPec~i~re leas.  .Al{Y.Al.AY.A2.A.A
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