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1. Introduction

For the demand of the freeform optics ultra-precision fabrication, the experience
and the skills are both important. Through an expensive trial and error approach when
new materials, new surface design, or new machine tools are used. In addition, the
cutting strategy in ultra-precision machining is extremely important.

In order to make the machining process more predictable and controllable, an
alternative approach is to build simulation models to predict and optimize the
machining process.

An integrated platform will provide an important means for the optimization of
the cutting strategy as well as the prediction of surface generation in ultra-precision
machining.

A series of preliminary experiments have been conducted to evaluate the
performance of the platform. One application of F-theta lens, which is commonly used
in laser scanners and printers, is demonstrated for its optics design, fabrication and
measurement by the system. The results show that the proposed integrated platform
not only helps to shorten the cycle time for the development of freeform components
but also provides an important means for the optimization of the surface quality in the
ultra-precision machining of ultra-precision freeform surfaces.

2. Layout of the integrated system

The platform mainly consists of four key modules, which are, as shown in Fig. 1,
the optics design module (ODM), the data exchange module (DEM), the machining
process simulation and optimization module (MPSOM) and the freeform measurement
and evaluation module (FMEM).
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Fig. 1. Layout of the integrated system for freeform optics design, fabrication,

and measurement.

As shown in Fig. 1, an optics design module is employed for optics design and
simulation of optical performance, and the optics design data can be output as a CAD
file for further processing. A precise computation algorithm for freeform control knot
vectors has been proposed based on the principle of conservation for edge-ray Etendue
[20], as shown in Fig. 2, which can accomplish the design of freeform optics part with
optimum efficiency and accuracy light distribution just within a short time period (e.g.,

a few hours or even shorter).
In Fig. 2, the conservation for edge-ray Etendue can be expressed as

E[M(Zy)] = E[M(Z))] = n? J J dAcos6dQ

where E[.] is the Etendue operation, M(.) means the edge light is the output light, X, is
the input light, X, is the refraction index, n is the area of light source, A (1 is the aperture

angle, and is the solid angle.
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Data Exchange Module

The aim of surface reconstruction is to find a continuous surface fitted from the
scattered points based on a certain criterion, especially the scattered points from the
optics design module, which is used as the designed reference surface for the
subsequent freeform machining and characterization.
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Fig. 3. Flow chart of freeform reconstruction and optimization module.

Fig. 3 shows the flow chart of freeform reconstruction and optimization. The freeform
continuous model is optimized by selecting proper parameters (e.g., the order of
polynomial, order and weight of Nurbs, etc.).

Machining Simulation and Optimization Module

Basically, optical freeform surface can be classified as continuous freeform surface
and structural freeform surface. A modelbased simulation system has been established
to simulate the machining process, predict the surface generation, and optimize

The cutting strategies for the continuous freeform surface and structural freeform
surface, the high precision surface quality depends largely on the proper selection of
cutting condition parameters and cutting strategies, for example, selecting horizontal
cutting or vertical cutting as the cutting strategy, as shown in Fig. 4(a), selecting uni-
direction or bi-direction cutting, with or without retreat, as the cutting path planning, as
shown in Fig. 4(b).
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Fig. 4. Machining strategies for ultra-precision raster milling. (a) Cutting Strategies. (b) Cutting path planning.

The surface roughness profile of the machined surface is formed by the repetition of
the tool tip making a cut at intervals according to the tool feed rate and then moving a
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specified distance by steps under ideal cutting conditions. The feed direction is
perpendicular to the raster direction, and both of the directions used in horizontal
cutting are opposite to those used in vertical cutting. The generalized equation for the
determination of theoretical arithmetic roughness for the different cutting strategies in
ultra-precision raster milling is shown as

c £
= 2aR, T 2aR,
Where R1=R and R2=r for horizontal cutting while R1=r and R2=R for vertical cutting; R
is the swing distance and r is the tool nose radius.

2 2

Ra

1) Tool Path Generation Based on the Workpiece Design Surface for Raster Milling: One
important step for machining process simulation is the tool path generation, which is
also applicable for the real NC program generation. As shown in Fig. 5, cutting point

P. = (X¢,¥e Zc), tool nose center Py, = (X4, Yo, Zo), swing center (cutter location, CL) Py =
(X1, V1, ZT), surface normalized normal vector at n, = (nx, Ny, nz) cutting point . The

swing distance is R and the tool nose radius is . After tool nose radius compensation,

the location of tool nose center
P, = P. + 1 * (cos¢sinG, sing, cosdpcoB) = P. + r = (ny, ny, n,)

P.

Y
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Fig. 5. Compensation of tool nose radius and swing distance for tool path gen-
eration in raster milling.

Where ¢ is the angle between the normal vector n; and the X-Z plane; 8 is the angle
between the projection of n; on the X-Z plane and the Z axis. Swing center Pr after the
compensation of swing distance

n n
PT=Po+(R—r)*(sin9,O,c059)=P0+(R—r)*< =0, z )
JnZ+nZ \/nZ + n2

Ny

\/nZ + n2

(xc+r*ng+ R—1)*

= Ye T T*1ny

lkzc+r*nz+(R—r)*

1’IZ
\/nZ + n2
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And based on the flow diagram:
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Fig. 6. Flow chart of integrated freeform characterization method.

EXPERIMENTAL AND IMPLEMENTATION RESULTS

One experiment has been conducted to study the surface roughness by raster milling, to
further validate the roughness model in the proposed platform. Fig. 9 shows the design
of the workpiece used in the cutting test. Fig. 9(a) shows the dimension of the
workpiece, and (b) is the produced workpiece. As shown in Fig. 9(b).

7.00 (X30) = 30
0.0

15.00 -

Fig. 9. Workpiece for studying the effect of machining parameters. (a) Dimen-
sion of the workpiece design (unit: mm). (b) Machined workpiece.

Wyko NT8000 optical measurement system. Fig. 10 shows predicted and measured
surface roughness (Ra). It is interesting to note that the predicted values show a good
agreement or similar trend with the measured results. There exist some deviations
between the measured values and the predicted ones, especially in the studies of
spindle speed and feed rate as shown in Fig. 10(a) and (b). This can be explained as that
the surface generation in raster milling process is also affected by other factors such as
relative vibration between cutting tool and workpiece, material swelling, etc. Besides,
with the increasing of spindle speed, much more vibration is caused, which limits the
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improvement of the surface quality. The experimental results are helpful for the
optimization of machining parameters to obtain good surface quality and high
machining efficiency at the same time, by finding out the optimum cutting conditions.
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Fig. 10. Predicted and measured surface roughness by raster milling. e = s o 3 3 7
(a) Spindle speed versus surface roughness (Ra). (b) Feed rate versus surface Fig. 1. Freeform application: F-theta lens. (a) F-thetalens CAD Specifications
roughness (Ra). (c) Step distance versus surface roughness (Ra). (unit: mm). (b) F-theta mould insert. (¢) F-theta mould injection product.

The F-theta lens, which is commonly applied to laser scanners or copiers, is a typical
example of optical freeform surface. The surface representation of the F-theta lens can
be defined by an anamorphic aspheric surface. For the two side surfaces (S1, S2) of the
F-theta Lens, the parameters are defined in Table II. The F-theta surface workpiece was
fabricated using the multi-axis freeform machining system mentioned in the previous
section. The machining parameters are shown in Table III. Fig. 11 shows the freeform
application: F-theta lens.

3. Conclusion

In this paper, the technological development of an integrated system for optical design,
ultra-precision machining, and precision measurement of freeform optical surfaces is
presented. With the successful development of the platform, the optimal machining
parameters and strategies can be obtained. The machining and measuring process can
be simulated on the computer and the verified data can then be input into the advanced
CNC ultra-precision machine for machining the components. This results in shortening
the cycle time for product development and in improving the quality of the product
without the need for time-consuming and expensive trial-and-error cutting tests.
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