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METHOD FOR PRODUCING A TRANSMISSIVE OPTICS 

 

[01] The invention concerns a method for the manufa cture of 

a transmissive optical system from a blank. Here th e 

transmissive optical system is usually a lens. The 

invention concerns in particular the manufacture of  an 

intraocular lens, a contact lens, a refractive impl ant, or 

a spectacle lens. The invention also concerns the 

processing of optical surfaces, which are partially  

mirrored and partially translucent to radiation. 

 

[02] WO 96/31315 describes the treatment of arbitra ry 3D-

form surfaces by means of a laser. In particular, t his 

involves the manufacture of precise sealing surface s on 

moulding tools. 

 

[03] WO 2012/119761 A1 concerns a method for the pr oduction 

of optical elements by means of processing with ene rgetic 

radiation, preferably with laser radiation. In this  method, 

blanks of quartz glass are first treated by coarse ablation 

and subsequently by polishing and fine ablation. Th is 

iterative method with a plurality of steps is parti cularly 

suitable for hard materials such as glass or steel.  

 

[04] DE 10 2007 058 105 A1 describes a method for t he 

manufacture of a transmissive optical system with a n 

ablative laser. In this method, however, material a blation 

is not achieved with the laser on a blank, but with  an 

ablative medium that is supplied separately by an 

evaporator onto the surface to be processed. In thi s 

method, the material ablation is achieved with the ablative 

medium, and the laser acts not on the surface of th e blank, 

but rather on the ablative medium, which, as a vapo rous 

phase or in a condensed liquid phase, absorbs the l aser 

radiation between the laser and the blank. The puls e 

durations of less than 500 fs specified in this app lication 

relate to the laser radiation impinging on the vapo rous or 
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liquid ablative medium, and not to a laser beam tha t leads 

to material ablation on the blank. Such methods are  

suitable for particularly hard materials. 

 

[05] US 5 143 660 A describes an injection moulding  process 

for the manufacture of plastic lenses. Here special  holes 

are formed in the lens, which serve to accommodate liquids, 

in particular such as medicaments. 

 

[06] The invention therefore has as its object the 

presentation of a generic method that can also be u sed for 

blanks made of softer materials. In particular, the  method 

should enable rapid, cost-effective manufacture. 

 

[07] This object is achieved by a method with the f eatures 

of patent claim 1. Advantageous developments are th e 

subject matter of the dependent claims. 

 

[08] The extremely short pulse duration of the abla tive 

laser has the consequence that the material of the blank 

that evaporates during the pulse does not hinder th e energy 

input after the vaporisation, and that after each p ulse, 

within the short interruption between two pulses, t he 

vapour can also largely escape from the processing zone, or 

the laser can be directed onto another processing z one. 

This enables a precise surface finish, in which sma ll 

craters located very close to one another can be cr eated on 

the surface of the blank. 

 

[09] The short pulse duration has the consequence t hat 

virtually no interaction occurs between the melt or  

material of the blank vaporising under the laser ra diation. 

The material ablation is achieved by direct vaporis ation 

and thus the treated material is hardly damaged. Th e ultra-

short laser pulses with durations ranging from a fe w 

femtoseconds to a few picoseconds or nanoseconds en able new 

processing methods that are not possible with conve ntional 
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tools. These laser flashes lead to extremely high p eak 

intensities, which can be achieved with relatively low 

pulse energies by virtue of the strong temporal 

compression. This enables highly precise material a blation 

and the processing of materials sensitive to temper ature. 

 

[10] It is advantageous if the blank is manufacture d from 

plastic. Monomers and polymers, and also combinatio ns of 

these, and in particular transparent plastics, are suitable 

for this purpose. 

 

[11] The blank particularly preferably comprises an  

acrylate. At the same time the blank can also be 

manufactured from diverse plastics. The acrylate is  

preferably transparent or partially transparent. Ac rylates 

with or without plasticisers can be used. Suitable 

materials are, for example, HI56 SPECS ®, PMMA, CI26 ® or 

Contaflex CI18 ®, hydrogel, silicone, or combinations of a 

collagen and a polymer, such as Collamer ®. 

 

[12] The blank can be cut from, or out of, a base b ody, 

such as, in particular, a cylindrical rod or a plat e. It is 

particularly advantageous if the blank is manufactu red by 

means of injection moulding or extrusion. 

 

[13] A particularly advantageous variant of embodim ent 

envisages that the blank is manufactured from a pow der-

form, liquid or gaseous material by means of additi ve 

production (3D-printing). Here the blank can alread y have a 

three-dimensional shape matched to the final shape,  which 

can also be of an asymmetric design. Both the build -up 

method, and also a combination with the described a blation 

method, can be applied here. 

 

[14] An advantageous variant of embodiment envisage s that a 

blank is used that has a density gradient. Such a d ensity 

gradient leads to a locally diverse optical refract ive 
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behaviour within the blank. The result is that by a djusting 

the optical density within the blank, a blank can b e 

manufactured and used, which, with a lower surface 

curvature, effects the same light refraction as a 

homogeneous blank. 

 

[15] Alternatively or cumulatively, it is proposed that the 

blank be made of different materials or types of ma terial. 

This results in a multi-material blank, which leads  to a 

particular refractive behaviour by virtue of the ma terial 

selection and the local arrangement of material. A density 

gradient can also be achieved as a result of a part icular 

selection of materials with diverse densities, whic h 

determines the refractive behaviour of the blank an d the 

optical system. 

 

[16] If, for example, the outer shell regions of a cylinder 

have an optical density that differs from that of t he core 

region, radiation incident on the plane face of the  

cylinder is deflected in accordance with the optica l 

density of the material, without the surface having  to be 

of a curved design. Thus in the case of a circular lens the 

density gradient in the radial direction enables a 

reduction of the curvature of the surface. This has  the 

consequence that the processing of the less curved surface 

with a laser beam is facilitated, since as a result  of the 

lower curvature, the laser beam can more easily be guided 

approximately at right angles to a normal on the cu rvature 

of the surface. However, the blank can already have  a 

refractive behaviour that is close to the desired t arget 

shape of the lens. By this means the processing eff ort on 

the lens is reduced. 

 

[17] Therefore, it is further proposed that a blank  with a 

circular cross-section is used, which has an optica l 

density towards the centre that differs from that t owards 

the edge. 
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[18] A density gradient on the lens enables the len s to be 

manufactured with less curvature, or even with no 

curvature. This leads to a lens that can be manufac tured 

such that it is flexible and can be rolled up. By t his 

means it is possible to fold up or roll up a lens s uch that 

it is very small, and can be inserted into the eye through 

a particularly small opening. Thus, a very small in cision 

in the cornea is sufficient to remove the old destr uctible 

lens, and to insert a new lens into the eye, which then 

only unfolds or rolls out in the eye. 

 

[19] The statements regarding the different materia ls and 

the density gradient are each essential to the inve ntion 

per se, also independently of the pulse duration sp ecified 

in patent claim 1. 

 

[20] It is advantageous if the pulse energy is vari ed 

during the ablation and/or polishing. Thus, it is p roposed 

that the energy of the laser be varied over time. T his 

makes it possible to ablate or polish certain surfa ce 

regions with a higher pulse energy than in other su rface 

regions. If, for example, the laser beam is guided along a 

meandering line over the surface of the blank, the energy 

input can be reduced in the turning regions, for ex ample. 

 

[21] If the ablation of matter is the primary mecha nism for 

altering the shape of the blank, reference is made to an 

ablative process, or an ablative laser. If, on the other 

hand, the shape is to remain unaltered, and the sur face is 

only to be smoothed, reference is made to a polishi ng 

process, or a polishing laser. 

 

[22] It is particularly advantageous if the shape o f the 

processed optical system in the region of the proce ssed 

surface is measured after each laser pulse. Either the 

total ablation per surface region can be determined , or the 
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actual crater shape can be determined. Optical cohe rence 

tomography preferably serves this purpose. This ena bles the 

location data to be stored, and for this data to be  taken 

into account in subsequent processing of the surfac e, or 

processing of an adjacent surface. The measurement is 

carried out either immediately after a pulse, or in  the 

time until processing of the measured surface is re peated, 

or until the processing of an adjacent surface. Thi s 

enables a precision in the micron range, or even in  the 

sub-micron range. 

 

[23] In addition to the measurement of the processe d 

surface, it is advantageous if, during processing, the 

process temperature is monitored with a measuring s ystem, 

preferably with a pyrometer or a thermal camera. Th is also 

makes it possible to control the process temperatur e so as 

to keep it within a defined bandwidth. 

 

[24] The laser pulse usually has a Gaussian distrib ution of 

intensity over the surface. However, a particular p recision 

is achieved in the processing of surfaces if the pu lse 

energy distribution of a pulse is locally asymmetri c. In a 

deviation from a rectangular pulse, the edges of th e 

rectangle can thus be formed differently. In partic ular, on 

one side the pulse can rise more sharply towards th e centre 

than it falls away from the centre on the other sid e. This 

allows the energy distribution over the surface of the 

laser beam to be varied, such that when the beam hi ts a 

curved surface, a vaporisation is achieved that is matched 

to the curved surface. In particular, the depth of the 

crater created by the laser pulse can also be reduc ed, 

without reducing the volume vaporised during the pu lse. 

 

[25] This enables an almost constant ablation over the 

surface that is to be treated. In addition, the abl ation 

profile can be varied and manipulated as required. 
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[26] Moreover, the crater depth should be essential ly 

constant over the entire surface that is to be proc essed. 

Essentially, this has the consequence that the inte nsity 

distribution of the laser beam is adjusted such tha t, for 

example, when irradiating a circular region with a radius 

r, the average crater depth on a circular region wi th a 

radius r/2 is at most twice as deep as the average crater 

depth in an annular region in the region r/2 to r. The 

deviation is preferably even in the sub-µm range. 

 

[27] One form of embodiment envisages that the puls e energy 

distribution during a pulse on a circular or an ova l 

surface has at least one maximum in the radial dire ction. 

The intensity distribution of the pulse can, for ex ample, 

be represented as the shape of a volcanic crater, s o that a 

higher intensity acts in the edge regions of the ci rcular 

oval surface than in the central region. This makes  it 

possible, depending on the task, to vary the intens ity 

distribution of the pulse over the surface impinged  upon by 

the pulse in an individual manner. This pulse shape  can be 

set once, or can be altered during the processing. It is 

therefore proposed that the pulse energy distributi on be 

varied transverse to the direction of irradiation d uring 

the processing. 

 

[28] The statements regarding the local and tempora l energy 

distributions are each essential to the invention p er se, 

also independently of the pulse duration specified in 

patent claim 1. 

 

[29] The effect of a laser beam varies, depending o n 

whether the laser beam impinges onto the surface to  be 

processed at right angles, or at another angle. As a 

result, the alignment of the laser beam relative to  the 

processed surface also influences the ablation resu lt. In 

order to limit these differences, it is proposed th at 

during the processing of a curved optical system, t he 
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alignment of the laser beam is maintained essential ly at 

right angles to a tangent plane at the intersection  of the 

laser beam and the optical system. Here “essentiall y” means 

with a deviation of less than 40 % and preferably l ess than 

10 %. Since “at right angles” describes an angle of  the 

laser beam of 90° to the tangent plane, “essentiall y at 

right angles” describes, for example, an angle of t he laser 

beam to the tangent plane of greater than 70°. 

Alternatively or cumulatively, the intensity or the  

intensity distribution of the laser beam can also b e varied 

as a function of the angle of incidence. 

 

[30] In order to ensure that the laser beam impinge s onto 

the surface to be processed as far as possible at r ight 

angles, the beam can be deflected via mirrors. Howe ver, the 

positions of the laser and the optical system to be  

processed can also be altered relative to each othe r. It is 

therefore proposed that the position and/or the ali gnment 

of the blank or the laser be moved during processin g. 

 

[31] The processing effort can be greatly reduced b y using 

a blank that already has a defined shape on one sid e or a 

plurality of sides, such as, in particular, a conve x or 

concave shape, and is only processed with the laser  on one 

side. A preferred variant of embodiment envisages t hat the 

blank is to be symmetrically formed on one side, an d on 

another side is to be processed asymmetrically, or in a 

free-form manner. 

 

[32] The statements regarding the alignment of the laser 

beam and the shape of the blank are each essential to the 

invention per se, also independently of the pulse d uration 

specified in patent claim 1. 

 

[33] The precise processing of optical systems make s it 

possible to produce a visual aid, such as an intrao cular 

lens or a contact lens, for a patient in an individ ual 
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manner. For this it is proposed that an eye of a pa tient is 

first measured, and that thereby a data set is crea ted, and 

that the ablative laser and/or the polishing laser is 

subsequently controlled on the basis of the data of  this 

data set. 

 

[34] The eye can be measured by means of biometry a nd/or 

topometry so as to determine the axial length of th e 

eyeball, the anterior corneal surface, the posterio r 

corneal surface, the corneal thickness, and/or the 

refractive index of the cornea. Topometry allows th e 

peripheral corneal radii to be measured with an 

ophthalmometer or keratometer, in addition to the c entral 

radii, in order to obtain meaningful surface parame ters, 

for example, for the customisation of contact lense s or 

intraocular lenses. Topometry provides individual m easured 

values, from which the surface character can be 

approximated, and keratography delivers a complete surface 

profile. This results in a data set for the target shape, 

which enables the individual manufacture of a lens or other 

visual aid. The visual defects can originate from a ll 

elements of the eye. A measurement of the individua l 

elements or the use of ray tracing to determine the  

diffraction of a radiation beam passing through an eye 

makes it possible to define a visual correction in order to 

compensate for these errors with a visual correctio n 

medium. 

 

[35] It is advantageous if a data set is already cr eated in 

the course of measurement, which can easily be conv erted 

into a computer control program for the production of a 

lens. 

 

[36] Various individually manufactured visual aids or 

vision correction aids can be used, or standard vis ual aids 

can be combined with individually manufactured visi on 

correction aids. However, it is also possible to re place 
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just the lens with a corrected intraocular lens, in  order 

to correct as many of the errors of the eye as poss ible. 

 

[37] Such a method has been described in EP 0 954 2 55 B1. 

It has been proposed that an artificial lens should  be cut 

with a laser. This method is not economically feasi ble, 

because it is time-consuming to cut a lens with a l aser 

such that it corresponds exactly to a specific targ et 

shape, and is so smooth that no unwanted refraction s of 

light occur. Only the combination of the method wit h a 

plastic material such as, in particular, an acrylat e, and a 

plastic-vaporising laser, has led to an economical method. 

This method is essential to the invention, also 

independently of the above-cited method steps, in 

particular as a two-stage method, with an ablative laser 

used for material ablation, and a polishing laser u sed for 

a polishing operation. 

 

[38] Here the lens can also have multi-focal functi ons. 

Moreover, the lens can be used to correct errors ca used by 

scattering in the eye, such as that caused, in part icular, 

by age-related scattering centres in the vitreous h umour. 

In addition, reflections in the eye, local absorpti on, 

alterations in polarisation in the eye, and individ ual 

visual impairments, can be corrected such that the quality 

of the correction attains or even exceeds the optic al 

resolution of the retina (retina quality IOL). 

 

[39] Furthermore, it is proposed to alter systemati cally 

the optical density of the surface of the optical s ystem, 

by ablation and/or polishing, such that the altered  

refractive index prevents reflections. In particula r, 

extreme polishing can minimise light refractions, s uch as 

the Fabry-Pérot effect, and multiple reflections. T he 

polish then acts like an anti-reflection coating. I n 

particular this can be achieved by altering the ref ractive 

index in different layers. 
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[40] In particular, to eliminate scattered radiatio n and to 

be able to manufacture lenses with an increased dep th of 

field and multi-focal IOLs, it is proposed to modif y the 

material of the blank with the laser radiation such  that 

the finished lens has an optical density gradient. An 

alteration of the density gradient can be achieved by 

ablative and additive methods. For example, a densi ty 

gradient can be achieved by a radially co-rotated 

orientation of the laser light spot or the laser fo cus. In 

particular, a density gradient can also be achieved  by 

means of a defined beam distribution. Thus, process ing can 

take place with a higher intensity of the laser bea m in a 

radially inner region than in a radially outer regi on in 

order to achieve a density gradient or regions of d ifferent 

density. Correspondingly, processing can also take place 

with a lower intensity of the laser beam in a radia lly 

inner region than in a radially outer region in ord er to 

achieve a density gradient or regions of different density. 

This gradient or density difference can be taken in to 

account when calculating the refraction behaviour o f a 

transmissive optical system. An optical density dif ference 

between two regions of the lens of at least 0.01 is  

advantageous, allowing any, preferably radially 

symmetrical, refractive index gradient to be genera ted as a 

step change in density, or as a continuous density 

transition. 

 

[41] A particularly important field of application for this 

method is therefore the manufacture of the optical system 

of an intraocular lens. 

 

[42] Technically, it has proved to be advantageous if the 

ablative laser is operated such that it effects a m aterial 

ablation of 0.01 to 10 µm per pulse, and preferably  of 0.02 

µm to 5 µm per pulse, and particularly preferably o f 0.02 

µm to 0.5 µm per pulse. Depending on the required m aterial 
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ablation, the ablation can also be carried out in a  

plurality of layers, whereby the ablation per layer  should 

be less than 20 µm, preferably less than 2 µm, and 

particularly preferably less than 1 µm. At first it  is 

possible to work with the ablation of a larger amou nt of 

material, and when approaching the target shape the  

ablation per layer can be reduced. The result is th at 

firstly greater ablation is effected with greater 

intensities or also larger irradiated regions, and 

subsequently a smaller ablation per pulse is effect ed, so 

that the surface becomes as smooth as possible, and  

requires less polishing. 

 

[43] It has been shown that it is advantageous if t he 

ablative laser is operated with a laser wavelength of 100 

to 1,200 nm, and preferably less than 400 nm, such as in 

particular between 193 nm and 370 nm. Preferred wav elengths 

are 193, 248, 266, 343 and 355 nm. 

 

[44] During the ablation, the focal diameter of the  

ablative laser should be between 5 and 50 µm, and 

preferably approx. 20 µm. 

 

[45] The scanning rate of the ablative laser lies b etween 

100 and 5,000 mm/s, and preferably between 500 and 5,000 

mm/s, and particularly preferably at approx. 1,000 mm/s. 

 

[46] The pulse energy of the ablative laser can lie  between 

0.1 µJ and 10 µJ, and preferably at approx. 1 µJ. 

 

[47] The repetition rate of the ablative laser can lie 

between 5 kHz and 5,000 kHz, and preferably between  50 and 

200, or between 10 and 500 kHz. 

 

[48] An advantageous variant of the method envisage s that 

the laser beam of the ablative laser firstly remove s 

material at some distance from the target shape, un til at 
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least 50% of the material has been removed, and onl y then 

is material removed in a region closer to the targe t shape. 

Here the laser can be guided upwards and downwards.  With 

guidance of the laser upward, only one element is f irstly 

ablated radially on the very outside, and then, as a rule, 

a smaller element, reaching further radially inward s. 

“Downwards” means that firstly a large element is a blated 

radially from the outside as far as the final shape , and 

then a smaller element is ablated underneath. 

 

[49] Moreover, it has proved to be advantageous if the 

distance between the ablation craters created by th e 

individual laser pulses on the surface within one a blation 

layer is not constant. This distance can also be va ried so 

as to adjust the mean ablated layer density. By thi s means 

the ablation per surface is altered by the distance  between 

the pulse footprints on the optical system that is to be 

processed. Closely spaced pulse footprints result i n 

greater ablation, while widely spaced pulse footpri nts 

result in less ablation. 

 

[50] For polishing, it is proposed that the polishi ng laser 

be operated in a pulsed or modulated manner with a pulse 

duration of more than 1 µs. By this means an optimu m 

polishing of, for example, plastics, can be achieve d. 

 

[51] Preferred laser wavelengths for the polishing process 

lie in the range between 0.1 µm and 100 µm, and pre ferably 

between 9 µm and 11 µm, or between 0.1 µm and 0.4 µ m, or 

between 1 and 12 µm. 

 

[52] A particular form of method management envisag es that 

the polishing laser is operated continuously. The l aser is 

therefore not pulsed during the polishing process, but 

rather the beam is moved relative to the surface of  the 

optical system, preferably with a varying intensity . In 
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contrast to a pulsed laser, in this case a particul ar laser 

power is always present. 

 

[53] For the polishing process, it has proved to be  

advantageous if the polishing laser has a beam diam eter at 

the workpiece of less than 10 mm, and preferably of  between 

0.1 mm and 8 mm. The polishing process can be simpl ified, 

in that the polishing laser has a beam diameter at the 

workpiece that is greater than or equal to that of the 

surface to be polished. By this means it is possibl e to 

polish the said surface all at once, without moving  the 

laser backwards and forwards over the surface. 

 

[54] An advantageous feed rate of the polishing las er lies 

between 1 and 100 mm/s. 

 

[55] Furthermore, it is advantageous if the polishi ng laser 

is formed into a "quasi-line" by means of a scannin g 

movement with a scanning rate of 500 mm/s to 20,000  mm/s. 

By moving the laser beam backwards and forwards, ev en a 

pulsed laser does not produce individual craters, b ut 

rather a deepened surface or a groove. 

 

[56] The polishing laser can be operated with an av erage 

laser power of 1 to 500 W, preferably of approx. 10 0 to 300 

W. It is advantageous if less than 30, and preferab ly only 

1 to 10, passes are carried out with the polishing laser in 

order to polish the optical system. 

 

[57] The polishing laser can also be operated with a line 

length that is at least as long as an extent of the  surface 

to be polished. The laser beam is thus guided as a line 

over the surface to be polished, and at the same ti me care 

is taken to ensure that the entire surface is cover ed by 

the laser beam. 
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[58] The object underlying the invention is also ac hieved 

by a lens, which has a density in one region that i s 1 % 

lower than in another region of the lens. Such a de nsity 

gradient leads to a particular refractive behaviour , 

whereby the lens causes a different refraction of l ight not 

only by virtue of its shape, but also, and in parti cular, 

by virtue of its density in diverse regions. It is 

advantageous if the difference is between 2 and 5 %  or even 

higher, such as, for example, more than 10 %. 

 

[59] It is furthermore advantageous if the lens has  a 

surface region and a core region, and the density i n the 

surface region is higher than in the core region. 

Cumulatively or alternatively, the lens can have a circular 

cross-section and a radial density gradient. 

 

[60] Depending on the application, it can be advant ageous 

if the lens reflects less than 5 %, and preferably less 

than 1 %, of the incident radiation. 

 

[61] The statements regarding the parameters of the  laser 

in the course of ablation and polishing are each es sential 

to the invention per se, also independently of the pulse 

duration specified in patent claim 1 and the other features 

cited above. 

 

[62] Inventive examples of embodiment are illustrat ed in 

the figures and are described in what follows. Here : 

 

Figure 1 shows schematically a blank for the manufa cture 

of a lens, 

 

Figure 2 shows schematically the blank during the l aser 

processing, 

 

Figure 3 shows schematically the processed blank af ter 

the laser processing, 
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Figure 4 shows schematically the impingement of a l aser 

beam onto a lens surface, 

 

Figure 5 shows schematically the melt and the vapou r 

generated after the laser beam impinges onto 

the surface, 

 

Figure 6 shows schematically the evaporation of the  

generated vapour, 

 

Figure 7 shows schematically a crater created on th e 

lens surface, 

 

Figure 8 shows schematically the smoothing of a len s 

surface with a laser beam, 

 

Figure 9 shows schematically the surface of an untr eated 

lens blank, 

 

Figure 10 shows schematically the lens surface afte r 

laser ablation, 

 

Figure 11 shows schematically the lens surface afte r 

polishing, 

 

Figure 12 shows schematically the feed of a laser d uring 

processing, 

 

Figure 13 shows schematically the dependence of the  feed 

rate on the laser power, 

 

Figure 14 shows schematically a plan view onto a le ns 

with a density gradient, 

 

Figure 15 shows schematically a section through the  lens 

shown in Figure 14, 
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Figure 16 shows schematically the variation of puls e 

intensity over time, 

 

Figure 17 shows schematically the local variation o f 

pulse intensity, 

 

Figure 18 shows schematically a pulse with a centra l 

intensity sink, 

 

Figure 19 shows schematically the alignment of the laser 

beam relative to the lens, 

 

Figure 20 shows schematically the laser processing in the 

interior of the lens, 

 

Figure 21 shows schematically ablation craters with  

different spatial separations on the lens 

surface, 

 

Figure 22 shows schematically a lens with an increa sed 

density in the interior of the lens, 

 

Figure 23 shows schematically a lens with an increa sed 

density at the surface of the lens, 

 

Figure 24 shows schematically a plan view onto the lens 

shown in Figure 23, 

 

Figure 25 shows schematically a lens with an increa sed 

density in the radially outer region of the 

lens, 

 

Figure 26 shows schematically a plan view onto the lens 

shown in Figure 25, 
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Figure 27 shows schematically a lens with a density  

altering in the radial direction and  

 

Figure 28 shows schematically a plan view onto the lens 

shown in Figure 27. 

 

[63] Figure 1 shows a lens blank 2 as a transmissiv e 

optical system 1. Figure 2 shows how this blank 2 i s 

processed by means of an ablative laser 3. In the e xample 

shown in Figure 2, the indicated material ablation 4 has 

already been achieved on the left-hand side of the lens 2 

with the laser 3. After the material has been ablat ed, the 

measuring device 5 measures the shape 6 of the lens  2 in 

the region of the processed surface. On the basis o f the 

measured values, this makes it possible to adjust t he type 

of pulse of the laser 3, preferably whilst still in  the 

course of processing. In addition, the process temp erature 

is already monitored during the processing with the  

pyrometer 7. The process temperature can also be in fluenced 

and, if required, can even be controlled, by adjust ment of 

the nature of the laser beam of the laser 3. 

 

[64] After ablation, the blank 2 has the shape show n in 

Figure 3, with a reduced volume that is to be attri buted to 

the material ablation 4. 

 

[65] The blank is a plastic and in the present case  is an 

acrylate 8. The said blank can also comprise other 

materials, such as other plastics, or glass. Howeve r, the 

surface of the blank to be reworked is made of plas tic. 

Figure 4 shows how the laser beam 9 impinges onto t he 

surface 10 of the acrylate 8, and thereby penetrate s into 

the acrylate in the shape of a cup in the region 11 . The 

pulse duration of the ablative laser is about 100 

femtoseconds and the acrylate is thereby vaporised in the 

region 11. This creates a cup-shaped region 12 of a n 
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acrylate melt, and, within this cup-shaped region 1 2, a 

region 13 of vapour. 

 

[66] Figure 6 shows how the melt 12 solidifies agai n and 

the vapour 13 evaporates. Thus, at the end of the p rocess, 

the crater 14 shown in Figure 7 remains in the acry late 

region 8. 

 

[67] By the arrangement of a plurality of craters o f this 

type in close proximity to each other, a planar mat erial 

ablation 4 is achieved. The resulting surface struc ture is 

rough as a result of the linking together of the cr aters. 

By minimising the depth of the crater, and minimisi ng the 

distances between the craters, the roughness of the  plastic 

surface can be reduced. 

 

[68] It is advantageous for the smoothing of the su rface if 

the laser intensity is minimised, and/or the footpr int of 

the laser on the surface to be processed is increas ed, so 

that material is only melted, and, as far as possib le, no 

material evaporates. A polishing laser 20 is usuall y used 

for this purpose, which is scanned along the line 2 1 with a 

scanning rate (V scan ) and a footprint width 22, 23 over the 

surface 24. The polishing laser 20 is moved forward  at a 

feed rate (V feed ) in the direction of the arrow 25, at right 

angles to the line 21. 

 

[69] As a consequence, as shown in Figures 9 to 11,  the 

blank 2 is first processed with the ablative laser to 

achieve material ablation 4, resulting in a rough s urface 

of the blank 2. The subsequent laser polishing prod uces the 

smooth surface 26 of the blank 2 shown in Figure 11 . 

 

[70] In the example of embodiment, the material sur face 

shown in Figure 10 is created by selective material  

ablation of an intraocular lens 2 from the initial shape 

shown in Figure 9, and the said material surface is  then 
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smoothed by laser polishing until it is transparent . This 

creates the material surface shown in Figure 11. 

 

[71] During material ablation 4 with the ablative l aser 3, 

care is taken to ensure that systematically localis ed 

material ablation is achieved by the action of ultr a-short 

pulses of laser radiation of about 100 or 200 femto seconds 

only at the point of impingement of the laser onto the 

surface, without any thermal damage to the surround ing 

material. In the example of embodiment, a laser wav elength 

of 343 nm is used, so that the laser radiation is a bsorbed 

near the surface as a result of the small optical 

penetration depth of this laser wavelength in the a crylate. 

 

[72] By comparing the initial shape and the target shape of 

the surface, the required ablation depth and thus t he 

required number of laser pulses at each point on th e 

surface are determined. In this manner the material  

ablation 4 can be determined by the number of laser  pulses 

per unit surface area without altering the nature o f the 

laser radiation. Here the laser beam 30 can be guid ed in a 

meandering manner over the surface to be processed,  in 

particular for the laser material ablation. On the basis of 

the calculated number of laser pulses per unit surf ace 

area, the laser is switched on and off during its p assage 

over the surface to be processed. 

 

[73] In the example of embodiment shown in Figure 1 2, a 

beam diameter 31 of the laser radiation on the mate rial 

surface of approx. 20 µm, a repetition rate of 100 kHz, and 

a scanning rate 32 of 1,000 mm/s are used. This res ults in 

a feed rate 33 (V feed ), with which the laser 30 is guided 

over the lens 34. 

 

[74] For the subsequent laser polishing, a laser wi th a 

wavelength of 10.6 µm is used, since this wavelengt h is 

also absorbed near the surface in the material. The  laser 
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is operated continuously and the laser power is in the 

range of 50 to 100 watts. As a consequence the mate rial 

surface is melted by the action of the laser radiat ion 

during laser polishing, and is then smoothed by the  surface 

tension before it solidifies once again. 

 

[75] In the example of embodiment shown in Figure 1 2, 20 

iterations (the number of passes) are carried out, so as to 

polish the surface gradually, whereby each iteratio n 

reduces the surface roughness until the target roug hness is 

achieved. A pause of 20 seconds is envisaged betwee n the 

iterations to prevent the sample from overheating. 

 

[76] The processing strategy for the iteration show n in 

Figure 12 is characterised by the use of a bi-direc tional 

scanning strategy, with a scanning rate of 5,000 mm /s, 

thereby creating a quasi-line focus. The said quasi -line 

focus 35 is guided with the feed rate 33 of 30 to 4 0 mm/s 

over the surface of the lens 34 to be polished. In this 

example of embodiment, the beam diameter 31 at the 

workpiece is 6 mm. Temperature control is preferabl y also 

used so as to improve the stability of the laser po lishing 

further. 

 

[77] With a higher average laser power a higher fee d rate 

is to be used, and with a lower average laser power  the 

feed rate is reduced. This process can therefore be  scaled. 

The dependence between feed rate 33 and average las er power 

36 is shown in Figure 13. This results in the hatch ed 

preferred working region 37. 

 

[78] Figure 14 shows a particular blank 40 that is 

manufactured by injection moulding. As a consequenc e of the 

injection moulding method this blank has a density 

gradient. Here the central region 41 is formed with  a 

higher density than the edge region 42. This densit y 

gradient can be generated in injection moulding by the 
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pressure conditions during the injection process, o r also 

by a multi-component injection moulding process in which 

different plastics are used. In particular, in the case of 

additive production from a powder-form, liquid or g aseous 

material, a blank can easily be manufactured with a  density 

gradient or from different materials. This density gradient 

leads to a particular refraction of the light by th e lens 

40. In order that the different densities of the bl ank 40 

do not impair the process of material ablation and 

polishing, a region with a different density can al so be 

provided in the interior of the lens 40, while the surface 

to be processed with the surface region relevant to  the 

processing has a uniform density. 

 

[79] It is advantageous if the pulse energy is vari ed 

during ablation and/or polishing. To this end Figur e 16 

shows the intensity of different pulses 50 to 55, w hich 

follow each other in time and have different intens ities 

56, but the same pulse durations 57 (only numbered in an 

exemplary manner). Thus the intensity 56 of the pul ses 50 

to 55 varies over time 58. Correspondingly, the pul se 

duration 57 of the individual pulses 50 to 55 can a lso 

vary, while the pulse intensity remains constant. F inally, 

both the intensity 56 and the pulse duration 57 can  be 

varied and preferably controlled over time, in orde r to 

influence the ablation or polishing process in an o ptimal 

manner, and in order to achieve rapid processing wi thout 

overheating. 

 

[80] The local intensity distribution of a pulse 60  on the 

spatial axes 61 and 63 is shown in an exemplary man ner in 

Figure 17. This pulse shows a locally bounded highe r pulse 

energy 62 on the left-hand side than on the right-h and 

side. For example, the pulse can drop slowly along the 

surface 64, or rapidly along the curved surface 65,  so that 

the right-hand side of the pulse has a significantl y lower 

energy concentration than its left-hand side. This makes it 
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possible, for example, to vary the radiation intens ity 

applied to a surface region over time as a laser be am moves 

over a surface. 

 

[81] Figure 18 shows a particular local energy dist ribution 

of a pulse 70, in which a higher energy is present in the 

edge region 71 of the pulse 70 than in the central region 

72. When the pulse impinges onto the surface of a l ens this 

results in a higher energy being applied to the edg e region 

of the resulting crater than to the central region of the 

crater. The crater is therefore given less of a cup  shape 

and more of a rectangular shape, so that a pluralit y of 

craters placed side-by-side form an approximately p lanar 

surface. 

 

[82] In order to optimise this effect, it is propos ed that 

the pulse energy distribution be varied transverse to the 

direction of radiation during processing. 

 

[83] In order to achieve homogeneous processing of a 

lenticular surface 80 of a lens 81, it is advantage ous if 

the laser beam 82 is maintained essentially at righ t angles 

to a tangent 83 at the point of intersection 84 of the 

laser beam 82 and the lens 81. This can be achieved  by 

varying the alignment of the laser beam during proc essing 

and maintaining the position of the lens 81 constan t, or by 

altering the alignment of the lens 81 relative to t he laser 

beam 82 by moving the lens 81 during processing. Ne edless 

to say, both the lens and laser can be moved so as to align 

the laser beam 82 as nearly at right angles as poss ible to 

the normal 83 on the surface of the lens. Moreover,  instead 

of moving the laser, the laser beam can also be ali gned 

with the aid of a mirror so that it impinges onto t he lens 

surface as nearly at right angles as possible. 

 

[84] As in the example of the lens shown in Figures  14 and 

15, the density of the lens can be varied by the ch oice of 
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material or by the material processing of the blank . 

However, the density can also be altered during pro cessing 

by material ablation and/or polishing. This makes i t 

possible to provide, by the nature of the laser bea m, 

densities on the lens surface that differ in terms of 

gradient and are locally bounded. The density on th e 

material surface can be increased such that reflect ions are 

prevented by the altered refractive index. However,  the 

density can also be altered with the laser beam, or  by 

means of a plurality of laser beams 91, 92, in the interior 

90 of a lens 93 such that the refraction of the fin ished 

lens does not result from the surface shape of the lens, 

but rather from a density gradient in the surface r egion 94 

of the lens 93 and/or in the interior region 90 of the lens 

93. 

 

[85] The arrangement of the ablation craters 100 on  the 

surface 101 of a lens 102 is shown in Figure 21. He re the 

craters 100 are spaced further apart in the edge re gion 103 

than in the central region 104. This is just one ex ample to 

show how the nature of the processing of the surfac e can be 

varied by means of the number of craters per unit s urface 

area. 

 

[86] The lens 110 shown in Figure 22 has a central region 

111, which has a greater density than the radially outer 

region 112. 

 

[87] The inverted density distribution was implemen ted with 

the lens 120 shown in Figure 23. There an outer reg ion is 

illustrated as graphically darker so as to indicate  the 

higher density, while the interior region 122 is 

illustrated as brighter so as to indicate the lower  

density. 

 

[88] In the plan view shown in Figure 24, a uniform  density 

can be discerned, if just the visible surface is 
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considered. In both examples of embodiment a densit y 

gradient is therefore present in the direction of t he 

optical axis 113 or 123. 

 

[89] Figure 25 shows a lens 130 with a radial densi ty 

gradient. In the region of the optical axis 133, th ere is a 

region 132 with a lower density than in the radiall y outer 

region 131. The plan view in Figure 26 therefore sh ows a 

darker radially outer region 131 and a brighter cen tral 

region 132 with a lower density. 

 

[90] Figure 27 shows a lens 140 with a multi-focal density 

gradient. Here, regions 143 and 144 with a lower op tical 

density alternate outwards in the radial direction from a 

central region 141 on the optical axis 142; between  these 

there is a region 145 with a higher optical density . 

 

[91] Figure 28 shows in a plan view that the region s of 

higher and lower optical density are annular in for m. 

 

[92] In all the examples of embodiment shown, the o ptical 

density can migrate via a gradient into an altered optical 

density, and, alternatively, regions of different o ptical 

densities can lie clearly bounded next to each othe r. Here 

the varying optical density can be used to influenc e the 

refractive behaviour of the lens when a light beam passes 

through it, and its deflection. Alternatively or 

cumulatively, the reflection properties, especially  at the 

boundary surface of the lens surface, can be influe nced by 

way of its density and the hardness that usually 

accompanies the latter. 
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PATENT CLAIMS 

 

1. A method for the manufacture of a transmissive o ptical 

system (1) from a blank (2), wherein material ablat ion 

(4) is achieved on the blank (2) with an ablative 

laser (3), characterised in that, the pulse duratio n 

of the ablative laser (3) is less than 1 ns and 

preferably lies between 3 fs and 100 fs, or between  

100 fs and 10 ps. 

 

2. The method in accordance with claim 1, character ised 

in that, the blank (2), initially treated with the 

ablative laser (3), is further processed with a 

polishing laser (20). 

 

3. The method in accordance with one of the precedi ng 

claims, characterised in that, the blank is 

manufactured from plastic. 

 

4. The method in accordance with one of the precedi ng 

claims, characterised in that, the blank (2) compri ses 

an acrylate (8). 

 

5. The method in accordance with one of the precedi ng 

claims, characterised in that, the blank (2) is 

manufactured by means of injection moulding or 

extrusion. 

 

6. The method in accordance with one of the claims 1 to 

4, characterised in that, the blank is manufactured  

from a powder-form, liquid or gaseous material by 

means of additive production. 

 

7. The method in accordance with one of the precedi ng 

claims, characterised in that, a blank is used that  

has a density gradient. 
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8. The method in accordance with one of the precedi ng 

claims, characterised in that, a blank (40) with a 

circular cross-section is used, which has an optica l 

density towards the centre (41) that differs from t hat 

towards the edge (42). 

 

9. The method in accordance with one of the precedi ng 

claims, characterised in that, the pulse energy is 

varied during ablation and/or polishing. 

 

10. The method in accordance with one of the preced ing 

claims, characterised in that, after each laser pul se, 

the shape (6) of the optical system (1) in the regi on 

of the processed surface is measured. 

 

11. The method in accordance with one of the preced ing 

claims, characterised in that, during processing, t he 

process temperature is monitored and/or controlled 

with a pyrometer (7). 

 

12. The method in accordance with one of the preced ing 

claims, characterised in that, the pulse energy 

distribution of a pulse is locally asymmetric. 

 

13. The method in accordance with one of the preced ing 

claims, characterised in that, the pulse energy 

distribution of a pulse (70) on a circular or an ov al 

surface has at least one maximum (71) in the radial  

direction. 

 

14. The method in accordance with one of the preced ing 

claims, characterised in that, during processing, t he 

pulse energy distribution is varied transverse to t he 

direction of radiation. 

 

15. The method in accordance with one of the preced ing 

claims, characterised in that during the processing  of 
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a curved optical system, the alignment of the laser  

beam (82) is maintained essentially at right angles  to 

a tangent (83) at the point of intersection (84) of  

the laser beam (82) and the optical system. 

 

16. The method in accordance with one of the preced ing 

claims, characterised in that, during processing th e 

blank is moved. 

 

17. The method in accordance with one of the preced ing 

claims, characterised in that, the blank is 

symmetrically formed on one side, and on another si de 

is processed asymmetrically or in a free-form manne r. 

 

18. The method in accordance with one of the preced ing 

claims, characterised in that, an eye of a patient is 

first measured and a data set is thereby generated,  

and the ablative laser and/or the polishing laser i s 

subsequently controlled on the basis of the data of  

this data set. 

 

19. The method in accordance with one of the preced ing 

claims, characterised in that, the optical density of 

the surface of the optical system is systematically  

altered by ablation and/or polishing, such that the  

altered refractive index prevents reflections. 

 

20. The method in accordance with one of the preced ing 

claims, characterised in that, with the laser 

radiation the material of the blank is altered such  

that the finished lens has an optical density 

gradient. 

 

21. The method in accordance with one of the preced ing 

claims, characterised in that, the optical system i s 

an intraocular lens (IOL). 
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22. The method in accordance with one of the preced ing 

claims, characterised in that, the ablative laser i s 

operated such that it effects a material ablation o f 

0.01 to 10 µm per pulse, and preferably of 0.02 µm to 

5 µm. and particularly preferably of 0.02 µm to 0.5  

µm. 

 

23. The method in accordance with one of the preced ing 

claims, characterised in that, the ablative laser i s 

operated with a laser wavelength of 100 to 1,200 nm , 

and preferably less than 400 nm, such as, in 

particular, between 193 nm and 370 nm. 

 

24. The method in accordance with one of the preced ing 

claims, characterised in that, the focal diameter o f 

the ablative laser lies between 5 and 50 µm, and 

preferably at approx. 20 µm. 

 

25. The method in accordance with one of the preced ing 

claims, characterised in that, the scanning rate of  

the ablative laser lies between 500 and 5,000 mm/s,  

and preferably at approx. 1,000 mm/s. 

 

26. The method in accordance with one of the preced ing 

claims, characterised in that, the pulse energy of the 

ablative laser lies between 0.1 µJ and 10 µJ, and 

preferably at approx. 1 µJ. 

 

27. The method in accordance with one of the preced ing 

claims, characterised in that, the repetition rate of 

the ablative laser lies between 5 kHz and 5,000 kHz , 

and preferably between 50 kHz and 200 kHz. 

 

28. The method in accordance with one of the preced ing 

claims, characterised in that, with the laser beam of 

the ablative laser, material is first removed at so me 

distance from the target shape until at least 50 % of 
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the material is removed, and only then is material 

removed in a region closer to the target shape. 

 

29. The method in accordance with one of the preced ing 

claims, characterised in that, the distance between  

the ablation craters created by the individual lase r 

pulses on the surface within one ablation layer is not 

constant. 

 

30. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

pulsed or modulated with a pulse duration of more t han 

1 µs. 

 

31. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

operated with a laser wavelength in the range betwe en 

0.1 µm and 100 µm, and preferably between 0.1 µm an d 

0.4 µm, or between 1 and 12 µm, and particularly 

preferably between 9 µm and 11 µm. 

 

32. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

operated continuously. 

 

33. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser has 

a beam diameter at the workpiece of less than 10 mm , 

and preferably between 0.1 mm and 8 mm. 

 

34. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser has 

a beam diameter at the workpiece that is greater th an 

or equal to that of the surface to be polished. 
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35. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

moved with a feed rate of between 1 and 100 mm/s. 

 

36. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

formed into a "quasi-line" by means of a scanning 

movement, with a scanning rate of 500 mm/s to 20,00 0 

mm/s. 

 

37. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

operated with an average laser power of 1 to 500 W,  

preferably of approx. 100 to 300 W. 

 

38. The method in accordance with one of the preced ing 

claims, characterised in that, with the polishing 

laser less than 30, and preferably 1 to 10, passes are 

carried out. 

 

39. The method in accordance with one of the preced ing 

claims, characterised in that, the polishing laser is 

operated with a line length that is at least as lon g 

as an extent of the surface to be polished. 

 

40. A lens, in particular manufactured in accordanc e with 

one of the preceding claims, characterised in that,  it 

has a density that is at least 1 % lower in one 

region, than in another region of the lens. 

 

41. The lens in accordance with claim 40, character ised in 

that, it has a surface region and a core region, an d 

the density in the surface region is higher than th at 

in the core region. 
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42. The lens in accordance with claim 40 or 41, 

characterised in that, it has a circular cross-sect ion 

and a radial density gradient. 

 

43. The lens in accordance with one of the claims 4 0 to 

42, characterised in that, it reflects less than 5 %, 

and preferably less than 1 %, of the incident 

radiation. 

 


