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Abstract

Injection moulding of intraocular lenses (IOLs) would provide a cutting edge alternative to the production methods 
based on diamond turned polymer blanks. In this research, a dedicated injection mould was developed to replicate 
the geometry of a multifocal intraocular lens (IOL) demonstrator. The surfaces of the aluminium mould inserts which
formed the injection cavity were machined using single point diamond turning. Surface finish dependence on material 
microstructure was analyzed. Injection moulding tests were performed to obtain the IOL demonstrator using an optical 
grade PMMA and micro-feature replication was analyzed. The optical characterization of the injection moulded PMMA 
IOL demonstrator confirmed that its optical performance was comparable to commercial multifocal IOLs 
manufactured by diamond turning.
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1.     Introduction

Ultra precision single point diamond turning of 
metal optics has progressed remarkably over the past 
decade. Nowadays, this technology enables the 
manufacturing of high quality optical surfaces with a 
micro-roughness of a few nanometres [1, 2]. Applying
this process to the manufacture of injection moulding
inserts suitable for the serial replication of intraocular 
lenses (IOLs) would provide a cutting edge alternative 
to the production methods currently established in the 
ophthalmic industry. These methods are based on 
diamond turned polymer blanks [3]. Moreover, as the 
geometric complexities of the IOLs available in the 
market continue to grow, serial replication would 
contribute to a reduction of their production times and 
costs. This has been previously observed in other 
industrial applications and fields (e.g. 
telecommunications and sensor industries) where 
mass production of micro-optical elements plays a 
crucial role in launching new products [4, 5, 6].

The aim of the present study is to analyze the 
viability of employing single point diamond turning to 
manufacture injection moulding inserts with surface 
accuracy, roughness and geometry suitable to replicate 
a multifocal intraocular lens (IOL) demonstrator.

2.     Materials and methods

A dedicated injection mould was developed and 
used to perform injection tests considering an optical 
grade PMMA polymer. The design of the demonstrator 
included a Ø6mm optical zone composed of a
diffractive anterior face and an aspheric posterior face
(see Fig.1). The optical zone was surrounded by a 
Ø13mm external flat disc (0.3mm thick). The curvature 
of the diffractive face included a concentric Fresnel 
micro-texture with 1μm peak-valley depth.

The geometry of this demonstrator was analogue
to the pre-forms that are obtained in IOL production
methods based on diamond turned polymer blanks. A
subsequent machining step (e.g. milling or laser 

cutting) of the external disc of the demonstrator would 
be required in order to obtain the haptic configuration 
of a finished IOL.

The dedicated mould was designed to address the 
different challenges set out by the geometry of the IOL 
demonstrator in terms of alignment, angle and distance 
between its two faces. In addition, the mould aimed to 
achieve the best surface finish and replication quality 
possible on the aspheric and diffractive geometries of 
the optical zone.

The mould included a two-plate design with 
tetragonal guidance rods and a single injection cavity 
formed by two non-ferrous cylindrical inserts. The 
fittings for the guidance rods and the inserts were 
machined on both plates at the same time by wire 
electro discharge machining. This was done to 
minimise position errors between the plates and the 
inserts. At the same time, the pre-forms of both inserts 
were designed to be obtained from a single cylindrical 
part in order to minimize shape and dimensional errors. 
The rest of the non-commercial elements of the mould 
were made of Orvar Supreme steel (H13), an alloy 
commonly used in polymer injection moulds and 
characterized by its high level of resistance to thermal 
shock and fatigue, excellent toughness and good 
machinability

Following a review of the materials present in 
literature that are readily machinable by diamond 
turning, aluminium was chosen as the base material to 
manufacture the mould inserts for this study. The use 
of steel was discarded due to the specific tooling 
configurations that would be required to reduce the 

Fig. 1.  Design of the IOL demonstrator: diffractive face (a), 
side view (b), aspheric face (c).
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heavy chemical wear of the diamond tool and achieve 
the required surface finish. [7]. Moreover, solutions 
based on the use of insert coating compositions that 
can be machined by diamond turning [8] (e.g. 
electroless nickel) were not considered due to the 
specific configurations required to obtain them. 

Two different aluminium alloys were used 
throughout the study, conventional AA 6061 and RSA-
905, and their influence on the quality of the 
geometries obtained by diamond turning was analyzed. 
AA 6061 has been widely diamond turned [9] and used 
to fabricate mould inserts for plastic optics injection [10] 
for many years in addition to other grades and 
materials (e.g. beryllium copper alloys). RSA-905 is a 
rapid solidification aluminium alloy obtained by a 
combination of melt spinning and extrusion processes. 
It has an ultimate tensile strength of 525 MPa and a 
Brinell Hardness of 180 [11]. With regards to its 
machinability, surface roughness values down to 2nm 
have been reported on single point diamond turning 
tests on plano RSA-905 parts [1]. Fig. 2 (optical 
microscope x500) shows the differences between the 
microstructure of the AA 6061 part and the RSA-905 
part (bars) used to manufacture the mould inserts in 
the study. AA 6061 presents a non homogeneous 
microstructure and precipitation phases of much larger 
size. RSA-905 presents an ultra-fine and 
homogeneous microstructure. Some degree of 
orientation/banding can be noticed, probably due to the 
extrusion process used to obtain the final dimensions 
of the RSA-905 bar. 

 
3.     Diamond turning 

 
3.1. Experimental setup 

 
A total of three AA 6061 cylindrical mould inserts 

were diamond turned using an ultra precision Precitech 
Nanoform 200 system with isoparaffin 175/195 spray 
mist as coolant/lubricant (see Table 1). During 
machining, the X and Z coordinates were manipulated 
together to produce the optical surfaces. Diamond 
turning processes of Insert 1 and Insert 2 were aimed 
at obtaining the negative of the geometry found in the 
aspheric face of the IOL demonstrator. Diamond 
turning of Insert 3 was employed to obtain the negative 
of the micro-textured diffractive face. Insert 1 was 
processed using polycrystalline diamond (PCD) tools 
provided by Nikko Tools. Insert 2 and Insert 3 were 
processed using different single crystal diamond tools 
supplied by Contour Fine Tooling. 

The machining strategy was divided into two parts: 
(i) a roughing step and (ii) a finishing step. In the case 
of Insert 3, the finishing step included obtaining the 
negative of the Fresnel micro-texture of the diffractive 
face of the demonstrator. The profiles of the aspheric 
and diffractive geometries were approximated using 
multiline simplification with a radial spacing of 1μm 
between consecutive points.  

In the case of RSA-905, two cylindrical mould 

inserts were diamond turned to obtain the negative 
geometries of the aspheric and diffractive surfaces of 
the IOL demonstrator. The machining strategies were 
similar to those used with AA 6061 Insert 2 and Insert 3 
(see Table 2). In this case, the turning process of the 
diffractive insert included an intermediate semifinishing 
stage before obtaining the Fresnel micro-texture during 
the finishing step. The profiles of the two optical 
geometries were approximated using a multiline 
simplification with a radial spacing of 1μm between 
consecutive points. 

After completion of the roughing steps, the 
obtained geometries of the optical zones were 
measured using a Carl Zeiss UPMC 850 CARAT 3D 
coordinate measuring machine with a Ø3mm contact 
probe. This was done to detect possible deviations 
from the reference profiles due to tool wear or tool 
adjustment errors (see Fig. 3) and compensate for 
them in the subsequent finishing steps. A total of 1,800 
points were acquired in each measurement, grouped in 
10 concentric rings with a radial distance between rings 
of 0.25mm. Fingerprints on the measured surfaces 
caused by the contact probe were later recovered 
during the finishing steps. 

3.2. Mould insert diamond turning 
 
The finished surfaces of the three AA6061 mould 
inserts were inspected using a Carl Zeiss SMT Ultra 
Gemini-II field emission scanning electron microscope 
(see Fig. 4). Two types of defects, which negatively 
impacted insert quality, were observed (see Fig. 5). 

Table 1 
AA 6061 inserts: turning tools and process conditions 

Insert Machining 
step 

Tool  
radius 
[mm] 

Spindle 
speed  
[rpm] 

Cutting 
depth 
[μm] 

Feed 
rate 

[mm/min]
1 Roughing - 3200 20 5-10 
 Finishing - 3600 4 4 
2 Roughing 0.974 3600 8 8 
 Finishing   0.494*  3600  3 3 
3 Roughing 0.974 3600 10 5 
 Finishing   0.004*  3800 1 1 

* Controlled waviness 
Table 2 
RSA-905 inserts: turning tools and process conditions 

Insert Machining 
step 

Tool 
radius 
[mm] 

Spindle 
speed 
[rpm] 

Cutting 
depth 
[μm] 

Feed   
rate 

[mm/min]

Aspheric Roughing 0.194 3600 10 3 
Finishing  0.216* 3725 3 2.6 

Diffract. 
Roughing 0.974 3200 6-10 3-5 

Semifinish. 0.004* 3675 1 1 
Finishing 0.0027* 3675 0.7 0.8 

* Controlled waviness 

  
Fig. 2. Microstructure of an axial section of the AA6061 bar 

(left) and RSA-905 bar (right) used in the study 

  
Fig. 3. Analysis of the deviation from the reference profile 

after completing the AA 6061 Insert 1 roughing step. 



August 29, 2016 20:27 RPS 4M 2016 :: Paper ID: 719

Proceedings of the 4M/IWMF2016 Conference 243

The first type, affecting the three mould inserts and 
related to the microstructure of the machined alloy, was 
a series of irregular pits. An energy-dispersive X-ray 
spectroscopy analysis using an Oxford Instruments X-
Max detector revealed high concentrations of 
magnesium and silicon, the two mayor alloying 
elements of AA6061, inside the pits. This would 
indicate that the pits were originated by the diamond 
tool when those constituent phases of the alloy 
(probably Mg2Si, harder and more brittle than α-Al) 
were pulled off the main alpha aluminium solid solution 
in which they were embedded. The size and shape of 
the pits varied, the largest of which affected a surface 
of around 60x60μm2. In most cases, their dimensions 
were below tens of microns and were not noticeable to 
direct visual inspection.  

The second type of defect, only present in Insert 1, 
consisted of a series of small craters or dried drop 
patterns. The largest of these craters was around 
Ø50μm and visible to direct visual inspection. X-ray 
spectroscopy showed high concentrations of oxygen 
and evidence of magnesium on the borders. This would 
suggest that the craters were composed of magnesium 
salts formed as oxidation subproduct of the magnesium 
of the constituent phase in the presence of moisture. 
The craters were removed using ultrasonic cleaning 
with Alconox detergent and demineralized water. 

Following these results, the use of the AA 6061 
mould inserts was discarded due to the negative 
impact of the microstructure of the alloy on the surface 
quality achieved at the end of the three turning 
processes. 

The finished surfaces of the two RSA-905 mould 
inserts (see Fig. 6) were inspected by scanning 
electron microscope (see Fig. 7 and Fig. 8). In the case 
of the optical zone of the aspheric insert, the analysis 
showed a clear improvement over the AA 6061 mould 
inserts. No defects related to the microstructure of the 
insert alloy were detected. Feed marks were noticeable 
at the beginning and the end of the transition curvature 
between the optical zone and the zone corresponding 
to the external flat disc of the demonstrator. Finally, the 
surface of the external disc zone showed neither visible 
defects nor chatter marks. 

In the case of the diffractive insert, the results in 
the external disc zone and the transition wall between 
the disc and the optical zones were similar to those 
seen in the aspheric insert. However, inspection of the 
optical zone revealed an unexpected surface finish 

problem not previously seen in any of the AA 6061 
mould inserts or the RSA-905 aspheric insert. The 
surface of the diffractive area presented flake or scale 
like ring structures. The width of these rings remained 
approximately constant (≈800nm) over the whole 
surface. 

 4.     Injection moulding tests 
 

Once the development of the dedicated two plate 
mould was completed (see Fig. 9), IOL demonstrators 
were obtained using a commercial optical grade high-
flow poly(methyl methacrylate) (PMMA) (Acrylite L40 
provided by Evonik). Injection mouldings were 
executed on a Battenfeld Microsystems 50, an all-
electric two-stage screw/plunger injection machine 
specifically designed for micro moulding. 

This machine has an injection piston diameter of 
5mm, a clamping force of 5Tn, a maximum injection 
volume of 1,000m3 and a maximum injection speed of 
760mm/s. It can provide shot weights from 0.25mg to 
1g and part weights of less than 0.008g. Process 
parameters were optimised, taking into account the 
values recommended by the polymer provider as a 

   
Fig. 4. Centre of the aspheric surfaces of AA 6061 Insert 1 
(left) and Insert 2 (centre) and detail of the Fresnel micro-

texture of Insert 3 (right). 

  
Fig. 5. Example of the pits found on the finished surface of 
the three AA6061 inserts (left) and the craters found on the 

finished surface of Insert 1 (right). 

   
Fig. 8. Finished RSA-905 diffractive insert: optical zone 

near a step of the Fresnel micro-texture (left) and transition 
between the optical zone and the external flat disc zone 

(centre, right). 

  
Fig. 9. Dedicated two plate mould designed to replicate the 
IOL demonstrator mounted on the Battenfeld Microsystems 

50 micro injection system. The two RSA-905 inserts that 
form the injection cavity are visible. 

   
Fig. 6. Surface of an RSA-905 insert before turning (left) 

and surface of the RSA-905 aspheric insert (centre) and the 
diffractive insert (right) at the end of the finishing step. 

   
Fig. 7. Finished RSA-905 aspheric insert: optical zone (left) 
and transition between the optical zone and the external flat 

disc zone (centre, right). 
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departure point. This was done for several reasons: (i) 
to guarantee a correct filling and surface replication of 
the mould cavity, (ii) to prevent flash and demoulding 
problems caused by over-moulding, (iii) to minimize 
polymer shrinkage and (iv) to prevent degradation due 
to overheating. Any problems related to those key 
points could compromise the optical performance of 
the resulting demonstrator. An injection temperature of 
240ºC, mould temperature of 90ºC, maximum injection 
speed of 180mm/s and holding pressure of 600bar 
were used. A total cycle time of 18s was obtained 
including packing (5s), cooling (5s), and demoulding 
(3s). 

Injected PMMA IOL demonstrators were inspected 
using an Olympus SZX16 optical microscope (0.7x–
11.5x) and a field emission scanning electron 
microscope (see Fig. 10 and Fig. 11). This inspection 
showed a high degree of replication of the aspheric and 
diffractive geometries of the optical zone and the 
transition geometries between the optical zone and the 
external flat disc. The undesired scale-like ring 
structures of the optical zone of the diffractive insert 
were visible on the injected parts, especially near the 
centre of the demonstrator. 

Finally, the PMMA demonstrator was optically 
characterized using a Lambda-X PMTF system. This 
analysis provided the optical power, energy distribution, 
USAF target test results (3mm aperture, ISO 11979) 
and modulation transfer function (MTF) through focus 
for different apertures (50lp/mm) of the demonstrator. 
The results showed that the demonstrator behaved like 
a non pupil-dependent multifocal lens with two focuses: 
far (14.73D) and near (17.03D). The energy distribution 
between both focuses was asymmetric, with the far one 
receiving more energy. The MTF values were 0.47 for 
the far focus and 0.14 for the near focus. The analysis 
determined that the obtained values were comparable 
to those of various multifocal diffractive IOLs from 
different manufacturers currently available in the 
market. 

 
5.  Conclusions 
 

The present study analyzed the viability of 
employing single point diamond turning in the 
manufacture of injection moulding aluminium inserts for 
the replication of a multifocal IOL demonstrator. 

The different characteristics of the two aluminium 

alloys used throughout the study, conventional AA 
6061 and RSA-905, had a clear influence on the 
surface quality of the diamond turned mould inserts. 

The analysis of the injection moulded parts (optical 
grade PMMA) confirmed the proper replication of the 
diamond turned aspheric and diffractive geometries of 
the RSA-905 mould inserts. 

The optical characterization of the injection 
moulded PMMA IOL demonstrator determined that it 
was optically comparable to various commercial 
multifocal IOLs obtained by diamond turning. 

Future work will be directed towards the analysis of 
the undesired ring structures detected on the diffractive 
RSA-905 insert and the optimization of the diamond 
turning process so as to avoid them. Likewise, the use 
of alternative insert materials (e.g. rapid solidification 
6061 aluminium alloy) or/and coatings (e.g. electroless 
nickel) will also be analyzed. 
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 Fig. 10. PMMA IOL demonstrator (left) and detail of the 

Fresnel geometry of its diffractive face (right). 

   
Fig. 11. PMMA IOL demonstrator: transition between the 
optical zone and the external flat disc of the aspheric face 

(left) and diffractive face (centre) and replication of the 
flake-like ring defects near the centre of the optical zone. 


