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A B S T R A C T

Freeform optics is the next-generation of modern optics, bringing advantages of excellent optical

performance and system integration. It finds wide applications in various fields, such as new energy,

illumination, aerospace and biomedical engineering. The manufacturing of freeform optics is an

integrated technology involving optical design, machining, moulding, measurement and characterization.

This paper surveys the current application status and research on major technologies in details.

� 2013 CIRP.
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1. Introduction

Freeform surfaces can be defined as surfaces with no axis of
rotational invariance (within or beyond the part). Freeform
surfaces may appear to have arbitrary shape, and regular or
irregular surface structures [52,73,98]. Freeform optics offers new
opportunities to optical designers and new challenges for optics
manufacturing and measurement. Freeform optics has broad
application prospects in various areas, such as green energy,
aerospace, illumination, and biomedical engineering. Comparing
to traditional optical components, freeform optics has the
following features [5,103,191].
� I
00

ht
ncreased range of manufacturable surfaces, giving optical
designers more flexibility and scope for innovation.

� E
nhancing the optical system performance to the maximum

extent. For instance, freeform optics enable optical performance
otherwise impossible, such as simultaneously correcting aberra-
tions, increasing depth of field and expanding field of view.

� S
Fig. 1. Examples of aspheric and freeform elements.

implifying system structure with fewer surfaces, lower mass,

lower cost, smaller package-size and reduced stray-light.

� R
ealizing system integration easily, and reducing the difficulty in

assembly. For example, multiple optical surfaces can be made on
one freeform element.

Aspheric optics can be considered a special case of freeform
optics with an axis of rotational invariance. Conventionally, an
aspheric surface has an axis, while freeform surfaces do not.
Fig. 1(a) for example shows an objective lens from Schneider Optics
where the application of an aspheric led to half the size and weight
and increased image quality [80]. Freeform optics may perform
better. Fig. 1(b) shows a lens from Olympus Corporation folded into
one piece to implement the optical function that previously needed
many components.
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Freeform surfaces have been defined in a variety of ways
[35,42]. Here we note that one useful classification (given below)
satisfies the requirement that there is no axis.
� C
ontinuous smooth surfaces modelled using a mathematic
formula and CAD software. Fig. 2(a) shows an example of spiral
mirrors applied to the femto-second (fs) laser scanning [232].

� D
iscontinuous surfaces include steps or facets, which need the

truncated functions to describe them. A Fresnel lens (Fig. 2(b)) is
a good example often used for lighting optics.

� S
tructured surfaces, which are the arrays of structure for specific

function, therefore called functional surfaces. Fig. 2(c) shows an
array of pyramids for the retroreflective application.

http://dx.doi.org/10.1016/j.cirp.2013.05.003
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Fig. 2. Examples of freeform optics.
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Fig. 3. Polaroid SX-70 camera [181].
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� M
ultiple surfaces on a single substrate, i.e., an integrated lens,
containing several optical surfaces, which is a continuous
surfaces. Optical freeform prisms are currently the key element
of head mounted display (HMD), as shown in Fig. 2(d), consisting
of three freeform surfaces [32].

The first successful commercial freeform optical application is
often thought in the Polaroid SX-70 folding Single Lens Reflex
camera in 1972, as shown in Fig. 3. It is a foldable design and the[(Fig._4)TD$FIG]
Fig. 4. Manufacture process chain of freeform optics.
off-axis viewing system required two freeform lenses to provide
well corrected aberrations [181,198]. However, the design concept
of asymmetrical optics already exists as early as 1959, when Kanolt
et al. designed a multi-focus optical system using XY polynomial
progressive surfaces [108]. A literature survey of freeform optics
from 2000 to date shows that research into freeform optics is
dramatically increasing, with most effort related to optical design.
Research into machining process and material science is also
growing.

The process chain for manufacturing freeform optics, includes
design, machining, moulding, metrology and evaluation [224].
Moulding is the main process for mass production (Fig. 4).
Metrology includes surface measurements by tactile and by optical
methods, as well as the measurement of optical performance. This
paper addresses the process chain and typical applications of
freeform optics.

2. Applications

There are numerous applications of freeform optics in
reflective, refractive, and diffractive optical systems [36,120].
They can be categorized into several areas, such as high-
performance imaging, illumination, concentration and other
applications.

2.1. Imaging application

Freeform optics used in imaging systems, are designed to
improve the optical performance by eliminating the optical
aberrations, increasing the depth of field and expanding the field
of view. Simultaneously, optical freeforms provide opportunities in
realizing system integration and reducing the system size.
Moreover, freeform optics can fulfil the special imaging tasks
which traditional optics cannot [165,189].

The fields of astronomy and gravitational science have
presented significant precision engineering challenges [204].
Freeform optics is adopted to improve the performance of optical
systems. Paolo et al. proposed a new layout for an anamorphic
collimator based onto two freeform cylinder surfaces, giving
diffraction limited images. This collimator can be used to achieve a
high resolution spectrograph for large telescopes and an inter-
ferometer cavity to test large plano optics [207]. Submillimetre
astronomy (at wavelengths of 200 mm–1 mm) is most sensitive to
very cold gas and dust. SCUBA-2 (Fig. 5), is composed of nine
aluminium freeform mirrors and can inspect large areas of sky up
to 1000 times faster than the original SCUBA camera. Scuba 2 also
has much larger field-of-view and sky-background limited
sensitivity [6,190].

Dowski and Cathey designed cubic phase plates to be used in
incoherent hybrid imaging system, which effectively improves the
depth of field in microscopes [46]. Sherif et al. also used the idea of
[(Fig._5)TD$FIG]

Fig. 5. 3D CAD representation of the SCUBA-2.
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Fig. 6. Left image is from a flat driver-side mirror, and right one is from a freeform

mirror [165].

[(Fig._9)TD$FIG]

Fig. 9. 2D model (left) and 3D model (right) of freeform varifocal PAL [137].

[(Fig._10)TD$FIG]

Fig. 10. External freeform optics (right) allows a conventional projector (left) to be

nearer to the screen [12].
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wavefront coding to design a log phase plate, which also improves
the depth of field, and allows larger defocus [202]. The cubic phase
plate was also used in 3D imaging system by Marks et al. [145].

Hicks et al. used the freeform reflector as a driver-side mirror
for an automobile that gives a field of view up to 458 so that the
mirror has no blind spot and minimal distortion [83]. Fig. 6 shows
the visual performance. Another approach to extending the field of
view uses a lens array. A compound eye, an aspheric lens array
based on a planar or curved substrate, offers a multi aperture
imaging. The compound eye on a curved substrate is promising for
wide-field-of-view image and parallel image processing, enabling
high-speed object tracking [119]. A compound eye on a planar
substrate can implement the super-resolution imaging as well as
reduce the length of imaging lens greatly. Fraunhofer Institute for
Production Technology (IPT) in Germany used a compound eye to
design a planar imaging system only 1.4 mm thick (Fig. 7) which is
intended to be applied to bank cards for identifying cardholders via
image analysis [25,48]. Tanida et al. used compound eyes to design
the TOMBO small imaging system, which can be applied in
fingerprint recognition [85]. Again there is a theme of structural
compactness, increased field of view, and so on.

Panoramic images are the special application of wide-field-of-
view systems, where complex catadioptric components may be
used. A single conic mirror increases the field, but with increased
[(Fig._7)TD$FIG]

Fig. 7. Ultrathin imaging system using the compound eye based on the planar

substrate [25].
[(Fig._8)TD$FIG]

Fig. 8. Freeform mirror (above) for panoramic image (below) [82].
radial distortion. A freeform mirror solves this problem and yields
a cylindrical projection without digital unwrapping, as shown in
Fig. 8 [82]. The panoramic annular lens (PAL) is also widely used,
which consists of a single piece lens to produce the annular image
of the entire 3608. Ma et al. proposed a freeform varifocal PAL
design to achieve the zooming effect through a rotation of PAL
around optical axis while not moving lenses [137]. Fig. 9 shows the
model of this freeform varifocal PAL.

Fig. 10 shows a new compact video projection optics system
with a short throw distance and a wide projection angle using
freeform mirrors [12,162]. Freeform prisms can fold the optical
path, making the optics smaller, thinner and lighter than with
conventional coaxial optics. Olympus Corporation firstly applied a
freeform prism to head-mounted display (HMD) in 1998 [86].
Cheng et al. used two freeform prisms to design an optical see-
through HMD (Fig. 11), which has a wide field of view of 53.58 and
low f-number of (f/#) 1.875 while maintaining a compact,
lightweight, and non-intrusive form factor [32]. Two freeform
prisms can also reduce the size of the camera module for cellular
[(Fig._11)TD$FIG]

Fig. 11. Optical simulation of FFS prism [32].



[(Fig._12)TD$FIG]

Fig. 12. Optical layout of panorama imaging system using multi freeform prism

[214].

[(Fig._14)TD$FIG]

Fig. 14. Off-axis (left) and Fresnel (right) concentrators [256].
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phones [214]. Ultrawide-angle compact imaging systems can also
be designed by multi freeform prisms (Fig. 12), with good optical
performance, 1808 field of view of for panoramic imaging [214].
The Ohio State University in USA designed a freeform optical prism
array for 3D stereo imaging capability for microscope and machine
vision applications [128].

2.2. Concentration application

Non-imaging optics has been pioneered for solar energy
concentration, where the goal is to collect the incident light from
the large incident aperture in a small exit aperture, driving
freeform optics design and manufacturing. Unlike conventional
optics, non-imaging optics is concerned not with image quality,
but with energy efficiency and distribution. Imaging optics delivers
the location and intensity information, while the non-imaging
optical system redistributes the energy [242].

The first concentrator for solar energy concentration, the
compound parabolic concentrator (CPC), accepted large angle
incident light and required no tracking for a small acceptance angle
[72,242]. LPI designed a variety of concentrators based on the
simultaneous multiple surface (SMS) method. In 1992, the RR
(refractive–refractive) concentrator was published, giving large
acceptance angle [153]. Next the XR (reflective–refractive)
concentrator (Fig. 13) achieved a high efficiency with a low aspect
ratio (thickness to entry aperture diameter ratio) and high
concentration; the uniformity of the radiation on the cells can
be improved by using a Kohler integrator [1]. RX (refractive–
reflective) solves the encapsulation problems of XR [148]. The RXI
(refractive–reflective–total internal reflection) has also two optical
surfaces, but unlike the RX, the rays are directed to the receiver.
The main advantage of the RXI concentrators is that the active side
of the receiver which is facing the concentrator’s aperture makes
the bottom of the battery package easier. Because of using a total
internal reflection (TIR), the concentrator can be smaller and obtain
a higher concentration. By injection moulding, RXI concentrator
can greatly reduce costs, but it still has the problem of shadow
[154]. In order to solve the shadowing problem and maintain the
characteristics of high optical efficiency, simplicity and compact-
ness, TIR–R was designed, which included two parts, i.e., the
primary surface TIR surface as a microstructure with infinitesimal
[(Fig._13)TD$FIG]

Fig. 13. Perspective view of XR concentrator [1].
flat facets and the secondary refractive surface. The aim of this
design is to avoid the metalized surfaces that cause reflection
losses and are difficult to manufacture, and to optimize the
position of the receiver element’s placement for encapsulation,
heat sink and electrical connection. A 1256� concentration device
has a theoretical efficiency of 100% (without optical losses) with an
aspect ratio of 0.34 [1,177].

A high acceptance angle is key feature for the photovoltaic
concentration. Freeform mirrors or lens were applied to Fresnel
and off-axis concentrators to improve the acceptance angle and the
overall efficiency (solar to electric energy), as shown in Fig. 14
[256]. Freeform optics in non-tracking solar concentrator systems
give greater economic benefits.

2.3. Illumination application

Design of high efficiency non-imaging optical systems requires
a different approach from conventional imaging optics. The recent
emergence of LEDs as a high brightness source has complicated the
issue because of the variation of source characteristics in different
LED designs [158]. For illumination applications, in particular, it is
important to control the intensity distribution. Freeform optics
provide uniform, high quality lighting for LEDs application due to
its ability of controlling lights exactly.

Design of the optical system to use LEDs as high-brightness
sources of projectors is more challenging than when using compact
arc lamps. Fournier and Rolland [66] described a system was
designed to obtain high brightness LED projection displays. The
light engine efficiency was increased by using freeform compo-
nents adapted to the shapes and the emission patterns of the LEDs
considered. Freeform optics has also been used to enhance the
angular colour uniformity (ACU) of a white LED and obtain a large
angular range of uniform illumination [230]. LEDs are also used in
the road lighting systems. A freeform lens was optimized to
produce a controlled luminance distribution on the road surface
and improve the overall road surface luminance uniformity [62].
The light engine fulfils coupling the light emitted by the source to
the microdisplay and projection optics efficiently. A single-
element compact freeform lightpipe was designed by non-imaging
optical design methods to collect and integrate light in LED
projector light engines. Simultaneous optimization of the output
surface and the profile shape yields transmission efficiency within
the étendue limit up to 90% and spatial uniformity higher than 95%
[67].

A freeform microlens array was designed for use with LEDs
based on Snell’s law and the edge-ray principle. A secondary optic
redistributes any illumination profile onto the target surface to
achieve prescribed uniform illumination. Depending on the
practical illumination requirements, the surface shape of the
single freeform microlens can be calculated by the ray tracing
method and B-spline fitting. Fig. 15 shows schematic ray path and
structure of the micro-lens freeform optics design for LED
illumination [210].

Fig. 16 shows a freeform device (called RXI) with Kohler
integration for automotive applications, proved to perfectly
control bundle of rays issuing from the LED chip corners. This
strategy allows the obtaining of intensity patterns quite insensitive
to the source (LED) positioning errors [152].



[(Fig._15)TD$FIG]

Fig. 15. Freeform microlens for LED illumination [210].

[(Fig._16)TD$FIG]

Fig. 16. Freeform Kohler integrator RXI for illumination [152].

[(Fig._18)TD$FIG]

Fig. 18. Laser beam interference patterns by simulation (left) and experiments

(right) [232].

[(Fig._19)TD$FIG]

Fig. 19. Optical structure of Czerny-Turner spectrometer [246].
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Source mask optimization (SMO) has been identified by
industry leaders as the only practical method to reach the
22 nm node of optical lithography [122]. To fully realize the
potential of SMO, next-generation source definition optics must
create exceedingly precise freeform pupils. Diffractive optical
elements (DOEs) are integrated in the illumination systems of
process control equipment to shape and control the beam for high
accuracy inspection requirements [208]. Special illumination
patterns, such as annular, dipole, quasar, and so on are commonly
used in optical lithography. Wu et al. show a freeform lens array for
optical lithography that increases the energy efficiency and
reduces the complexity of the exposure system [243]. Fig. 17
shows the optical system and one of the patterns obtained using
this freeform optics.[(Fig._17)TD$FIG]
Fig. 17. Freeform lens array (left) in optical lithography and the projection pattern

(right) [243].
2.4. Others applications

Freeform optics is also used in laser beam shaping applications.
Oliker designed a two-mirror optical system for reshaping the
irradiance distribution for a laser beam [170]. The design equations
are derived in a rigorous manner and are applicable to a two-
mirror optical system not limited to radiance profiles and beam
cross sections that are rotational or rectangular symmetric. Smilie
et al. proposed a refractive two freeform surfaces system that
converts the Gaussian irradiance of an incident laser beam into a
nominally flat-top output spot [206].

A helicoid mirror with a tilted parabolic generatrix has been
applied as an optical delay line. When the mirror rotates, its
reflective path varies in the linear and periodic way. The
accuracy of optical delay line is better than 6 fs. The mirror is
widely used in high-speed optical delay line applications,
especially used in the rapid and real-time terahertz time-
domain spectrum display system. Fig. 18 shows simulated and
measured interference patterns between the reflected laser
beam and the incident laser beam. The results agree quite well
[231].

Freeform mirrors have been used to solve the problem of
astigmatism in traditional Czerny-Turner spectrometers. Ray-
tracing result has shown a reduction in sagittal spot size from
several hundred micrometres to around 10 mm in the wavelength
range from 200 nm to 800 nm. The structure of a typical Czerny–
Turner reflective grating spectrometer is shown in Fig. 19, where
camera mirror M2 is a freeform surface [246].

Freeform optics has also been used in a green laser calibration
system. Two aspheric-cylindrical surfaces gave appropriate energy
concentration of the Gaussian distribution of laser source [33].

3. Mathematics in freeform modelling

Design and machining of freeform surfaces require an accurate
mathematical description. The most common ways to describe
optical freeform surfaces are:
� F
reeform surfaces expressed by specific mathematic formulae.
For instance, the double sinusoid surface can be described with
sine and cosine functions [257].

� S
urfaces described by general XY polynomials, as has been used

routinely in commercial optical design software.

� S
urfaces described using NURBS, suitable for CAD modelling

software. Commercial optical design software also supports this
data format [18].
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Fig. 20. Plots (above) and modulus of their gradient (below) of the basis function

[65].
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� S
[(Fig._21)TD$FIG]
urfaces expressed by truncated functions to describe the step
surface, and using the mathematic transformation to describe
the array structure.

� S
urfaces represented as the linear combination of basis func-

tions, such as Zernike polynomials commonly used in optical
design and fabrication.

Aspheric optical surfaces have traditionally been described
starting from a conic expression, for example:

z ¼ cðx2 þ y2Þ
1þ ð1-ð1þ kÞc2ðx2 þ y2ÞÞ1=2

þ
Xp

m¼0

Xp

n¼0

Cmnxmyn (1)

where c represents the curvature of base surface, k is the conic
constant, and Cmn are the coefficients of xy terms. This formulation
is not based on an orthogonal expansion and the coefficients are
not individually physically meaningful. Recently, there has been
growing interest in alternative representations based on linear
combination of basis functions. Forbes proposed Q-polynomial
surfaces, an orthogonal sum of Jacobi polynomials, for axisymme-
trical aspheres. The polynomial coefficients can be directly related
to slope enabling intuitive evaluation of the fabrication difficulty
and assembly sensitivity [64]. Another set of basis functions
provide robust and efficient algorithms for characterizing freeform
surface as well as computing derivatives to any order [65]. Fig. 20
shows the plots and modulus of their gradient of the basis function
of u5cos(5u)Qn

5(u2), where n is the order of polynomial and equals
1–3.

Some basis functions dominate optical testing result, for
example, the Zernike polynomials represent the wavefront
and all kinds of aberrations [245]. Fig. 21 shows 15 Zernike
polynomials, where Zn is the nth entry in one of the different
orderings of Zernike polynomials. Other basic polynomials,
such as Gaussians [28], modified Zernike polynomials [247]
and F-polynomial [29,111], have been proposed to facilitate
Fig. 21. The first 15 Zernike polynomials.
optimization. Cakmakci et al. [28] indicate that a linear combina-
tion of Gaussians enable optimization to a better MTF than XY or
Zernike polynomials [28].

4. Optical design

There are two strategies for optical design of freeform optics:
multi-parameter optimization and direct mapping [10]. In multi-
parameter optimization the optical requirement is defined as a
quantitative merit function that is to be minimized by optimiza-
tion. However, when optimizing freeform optics, the higher order
polynomials required for complex surfaces can make optimization
slow. The direct mapping method is called source-target mapping,
which defines a truly accurate freeform solution that takes the
light from the source distribution to the desired target distribution.
The surface feature points are obtained using this method, and
then modelled by fitting or interpolation to get freeform surfaces.
Several important direct mapping methods are introduced below.

4.1. Partial differential equations

This method, in essence, is to establish the relationship between
the three normal vectors of incident surface, target surface and
freeform surface by solving the partial differential equations as
shown in Fig. 22 [187]. The partial differential equation is based on
the energy conservation and tailoring theory, which redistributes
the radiation of a given small light source onto a given reference
surface, achieving a desired irradiance distribution. The tailoring
method was introduced in 1993 by Winston et al. A freeform
reflector was firstly designed by solving a differential equation
coupling the angle of incidence and target surface illumination
distribution [198]. The edge-ray principle is a fundamental theory of
the tailoring method, verified in 1994 using geometrical optics
[188]. Rabl et al. obtained a solution for extended sources
(cylindrical sources) by establishing differential equation, instead
of the point source [184]. In 1996, Ong defined the method for
extended source as tailored edge-ray designs (TED), and gave the
governing differential equations, i.e., the analytic solutions but not
simple closed-form solutions [171]. In 1996, Jenkins et al. gave much
more compact reflector shapes by a new integral design method
based on the edge-ray principle. In addition, the reflectivity of the
reflector is incorporated as a design parameter [101].

Harald et al. used freeform elements to attain a desired irradiance
distribution by using the tailoring method. The freeform lens was
formed by solving a set of partial nonlinear differential equations
with the curvature and slope. The irradiance distribution shaped as
the letters ‘‘OEC’’, which is the abbreviation of ‘‘Optics & Energy
Concepts’’, was obtained on the target as shown in Fig. 23 [187].

Harald et al. presented the 3D tailoring method in 2003, which
is based on the principles of interaction of light rays with an optical
[(Fig._22)TD$FIG]

Fig. 22. Principle of partial differential equations [187].
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Fig. 23. Freeform lens (left) and irradiance distribution (right) [187].

[(Fig._24)TD$FIG]

Fig. 24. Principle of point-to-point mapping [176].

[(Fig._25)TD$FIG]

Fig. 25. The principle of 3D SMS [152].
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surface in combination with differential geometry of the freeform
surface. This method obtained a uniform distribution over large
lighting areas for use in street lighting, emergency lighting, office
lighting, ambient lighting and special lighting [220]. The uni-
formity of the tailoring method is also important. In 2008, a
uniformity study was conducted for LED lighting, and the
uniformity up to 90% was obtained [43,79].

If the surface is more complex, the solutions of nonlinear partial
differential equations can become more difficult. In recent years, a
quite general approach combining geometric techniques with
methods from calculus of variations was developed and applied to
a rigorous and unified investigation of several classes of such
equations. This approach allows implementation of provably
convergent numerical algorithms. The trajectory equation at the
interface of the light is obtained using Fermat theorem and
mathematical derivation. This formula can be used to derive the
mapping about the object and image then to get the freeform
surface. Oliker has made a comprehensive study in this method
[115,168,169]. The approach is based on a rigorous mathematical
theory and does not assume rotational or any other symmetry of
the data. Therefore, it avoids the complicated process of solving
partial differential equations.

The partial differential equations method is generally limited to
point sources, although part of an extended light source with
limited shapes (such as rectangular or tubular) can also be
calculated. The calculation process is very cumbersome. In
addition, it is difficult to establish the exact nonlinear partial
differential equations, and one can only calculate one freeform
surface at a time.

4.2. Point-to-point mapping

This method establishes the equation between the lighting
energy emitted by the source and the lighting energy obtained by
the target based on the conservation principle. Then the
coordinates and normal vector of surface points are obtained by
iterative solution to get the surface form. The point-to-point
mapping method was proposed by Parkyn [176] for general
illumination tasks in 1998. The source and target surfaces are
divided into grids, whose relation is defined using extrinsic
differential geometry (EDGE) to obtain the normal vectors of the
lens to generate a smooth surface. One of the grids has cells which
vary in solid angle such that each encompasses the same luminous
flux. The other grid having the same topology and number of cells
is formed according to the intensity distribution of the source. As
shown in Fig. 24, the right grid expresses the prescribed intensity
distribution while the left expresses the angular distribution of
light emitted by the source.

In 2006, Parkyn applied a new pseudo-rectangular spherical
grid to establish correspondence between source-grid cells and the
rectangular cells of a target grid. He obtained the central spines by
a linear integration, after obtaining the adjacent rows successively
in a lawnmower fashion [175].

There are studies to combine this method with other
techniques. For example, it was combined with Monte Carlo ray
tracing to complete the LED package for high-performance LED
lighting in 2010 [229]. A gradient method with optimization
calculation was proposed to get accurate curved surfaces from a
point source. The method represents the surface of an element in
terms of the distribution of the eikonal of light field in an adjacent
plane based on gradient minimization of an error function that
represents the difference of the calculated and specified irra-
diances in 2008 [9]. In 2010, a feedback modification method was
proposed to design freeform optics with uniform luminance for
LED sources based on variable separation mapping. In this method,
the non-negligible size of a LED source is taken into account, and a
smooth freeform lens with rectangular luminance distribution
designed. The luminance uniformity is improved from 18.75% to
81.08% after eight times feedback [136].

4.3. Simultaneous multiple surface (SMS) method

SMS method, an important breakthrough in freeform optics,
was invented in 1990 for the 2D non-imaging optical design. The
abbreviation of SMS comes from the fact that it enables the
simultaneous design of multiple optical surfaces. The original idea
came from Minano, and the first implementation to 3D geometry
came from Benitez. Therefore, SMS also is called the Minano–
Benitez design method [242].

The principle of SMS is ‘‘bundle-coupling’’ and ‘‘prescribed-
irradiance’’. ‘‘Bundle-coupling’’ means that input and output
bundles are coupled, that is to say, any incident rays entering
into optical system would go out the exit pupil. ‘‘Prescribed-
irradiance’’ means one bundle must be included in the other, that is
to say, SMS couples two input wavefronts into two output
wavefronts. Freeform surfaces calculated by SMS have the features
of compactness, efficiency and simplicity [11]. Fig. 25 shows one
case of 3D SMS, which provides an image-forming design whereby
the light source is placed on the object plane and the target on the
image plane. In Fig. 25, points A–D are object points while A0–D0 are
their corresponding image points. Two freeform mirrors, the
primary optical element (POE) and a secondary optical element
(SOE), can be calculated using the SMS method.
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Fig. 26. Typical electron diffraction pattern for the silicon chips showing the

presence of polycrystals [57].

[(Fig._27)TD$FIG]

Fig. 27. Applied load and current as a function of time during indentation loading in

crystalline Si [17].
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SMS has many advantages compared with other methods. For
instance, SMS is based on the edge principle and Fermat’s theorem.
SMS can be used in designs for point and extended light sources. A
freeform condensor, for example, was designed to obtain the
rectangular entrance for arc lamps or halogen bulbs [151]. SMS can
be used to take the size and angle of the source into calculations.
The 3D SMS is at present the most powerful direct design method
for illumination devices using extended sources [152]. SMS can be
used to design at least two free surfaces in one time. For the
concentrator, the traditional free-form surface design method
limits the distribution of illumination and maximum concentra-
tion and requires a linear or a spherical surface, but the SMS does
not have these requirements. SMS can be used in both imaging and
non-imaging optics. Fig. 10 is one imaging example designed by
SMS method for the projection with short throw distance.

5. Machining mechanism

Freeform optics can be machined by a variety of methods,
including ultra-precision cutting, grinding and polishing. The
earliest method used in finishing of optics was polishing. Grinding
has been used for centuries for machining optical blanks, but
grinding with nanometric precision has not become available
before the advent of ultra-precision machines. Grinding is well
suited to hard and brittle materials, such as glass, silicon and steel
[21] but can have low efficiency, and high cost, and limitations for
complex surfaces. Single-point diamond cutting can fabricate
optics without the subsequent finishing for some materials.

In order to get the nanometric surface finish, or realize the
cutting of brittle materials, the ductile-mode material removal is
important for ultra-precision cutting or grinding. In nano cutting,
undeformed chip thickness has been reduced to nanometric scale.
In this scale, due to the tool edge radius and the size effect, the
mechanism of material removal is different from the conventional
shearing model proposed by Mallock in 1881 [139] and Merchant
in 1944 [147]. The significant tool edge radius compared to the
undeformed chip thickness causes the negative effective rake
angle, which produces the necessary hydrostatic pressure enabling
ductile deformation in front of the tool edge, avoiding the fracture
of brittle material [61]. Schinker et al. showed that hydrostatic
pressure with overlaid shear stresses is a prerequisite for ductile
machining of glasses [196,197]. This condition can be met by
applying cutting tools with negative effective rake angle for cutting
processes and bonded abrasives for abrasive processes. Due to this
machining mechanism, brittle materials can be machined with
‘‘ductile-mode’’ material removal [21,58,61].

The material removal mechanism of optical glass by grinding
strongly depends on the undeformed chip thickness. With
increasing undeformed chip thickness until a critical value, high
hydrostatic pressure is maintained, which is the prerequisites for
crack free and ductile grinding. The contact of the abrasives with
the machined substrate leads to elastic material response and
plastic behaviour [21]. These mechanism and results have been
demonstrated in single grain cutting experiments of glasses
[157,197] and technical ceramics [213,221].

The nano cutting mechanism of monocrystalline silicon was
investigated using molecular dynamics (MD) or finite element
(FE) analysis [116,251]. A model of chip formation in nano
cutting was based on extrusion, rather than earlier explanations
using shearing, and was verified by the taper cutting experi-
ments [57,58,61]. It is generally considered that there is a phase
transition from Si-I (diamond cubic) to Si-II (metallic state)
under loading [249]. The amorphization process can be
produced in material removal due to the hydrostatic pressure.
Therefore the material around diamond tool becomes ductile
enough to be extruded and form the continuous chips. On
unloading, the phase of silicon transforms from Si-II to
amorphous silicon. Although brittle materials could be
machined in ductile mode when the undeformed chip thickness
reduced to nano-scale, the poor processing efficiency and short
tool life still prohibit the single point diamond machining from
fabricating the optical crystal widely. Nanometric machining of
ion implanted materials (NiIM) was proposed by modifying the
mechanical properties of the surface layer to be machined [55].
The implanted F ions soften the surface layer of single crystal
silicon and make the ductile–brittle transition depth much
deeper. Optical freeform surfaces have been successfully
machined to prove the practicability of the NiIM approach,
and the surface roughness of 0.86 nm in Ra was achieved.

This amorphous modification can be demonstrated using
appropriate characterization methods. Amorphous silicon can be
detected by Raman spectroscopy [76], TEM [58] and so on.
Fig. 26 shows the TEM analysis of the cutting chips reveals that
single crystal silicon undergoes phase transition during machin-
ing [57]. The existence of amorphous state indirectly verifies the
transition from Si-I to Si-II. Some other experiments can prove
the silicon’s phase transition directly, such as detecting the
electrical property changes during nano-indentation [17]. The
decrease in the resistance during loading was induced by the
formation of Si-II phase, and the increase during unloading
proves the phase transforms from Si-II to amorphous silicon, as
shown in Fig. 27.
6. Machining approaches

Recently, the slow slide servo and fast tool servo emerge for
diamond turning. They get rid of the limit of machining freeform
surfaces, making the ultra-precision cutting recognized as the
most effective method [30,40,219]. Grinding, milling and other
methods are also developing to be suitable for the fabrication of
some kinds of freeform optics or materials.
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Fig. 29. Alvarez lens array model [90].
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6.1. Slow slide servo

Slow slide servo (SSS) or slow tool servo (STS) is an approach to
upgrade a standard two-axis diamond turning machine, while a
high-precision C-axis encoder is mounted to the spindle. Therefore,
SSS is actually a type of turning method with C-axis controls and T-
shape configuration, in which the Z-axis oscillates back and forth
while X and C maintain constant speed [26,222]. A cylindrical
machining method was presented using the XZC axis in the
cylindrical coordinate system, with the cutting path for freeform
optics also designed in cylindrical coordinate [60].

SSS is slow because the Z-axis, on which the tool is mounted, is
massive and the motor that drives it can only produce limited
speed and acceleration. Compared to fast tool servo and diamond
milling, SSS has the longest machining time. However, SSS gives
better surface finish and can give azimuthal height variations of
more than 25 mm, which is a major advantage [40] for certain
freeform optics.

Synchronous multi-axes motion control is a key to all freeform
optics machining processes. In current implementations of SSS
typically the spindle is controlled using the precision direct current
motor, and X and Z-axes are controlled by the linear motor.

Many workers have considered machining trajectory, compen-
sation of diamond tool and system error analysis. In the precision
path design method [60,257] the tool parameters, including tool
nose radius and clearance angle, are considered in compensation.
The tool parameters are selected to avoid cutting interference
considering the tool nose radius, included angle, clearance and
rake angles. The form accuracy in aluminium alloy materials using
the designed path can be 0.5 mm PV. Fig. 28 shows typical freeform
surfaces produced using the cylindrical coordinate machining. Yi
et al. fabricated phase plates using SSS to compensate the
wavefront aberrations of human eyes. The maximum shape error
obtained was 0.8 mm. The influence of the position of the phase-
plate relative to the pupil has been considered and the practical
utility of this mode of aberration correction was investigated with
visual acuity testing [253].
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Fig. 28. Typical freeform optics fabricated by the cylindrical machining method

[61].
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Fig. 31. XBC STS configuration [41].

Fig. 30. Compounded eye and other structured optics fabricated by SSS method.
Slow slide servo machining is an efficient method to fabricate
the off-axis aspheric mirrors on axis. Dai et al. predicted 3D
topography of SSS machining for the off-axis aspheric form
[37,255]. However, it is still difficult to machine off-axis aspheric
mirrors with a large ratio of sag height to diameter because of tool
interference. One method, coordinate transformation machining,
can be used to make the machining feasible by reducing the ratio of
sag height to diameter. Freeform prisms were experimentally
machined to demonstrate that the method also works well for
complex surfaces [258].

SSS is an important method to fabricate the structured optics,
such as aspheric lens arrays. A 5 � 5 microlens array was fabricated
on 715 nickel alloy and 6061 aluminium alloy [254]. Huang et al.
also fabricated a micro Alvarez lens array, consisting of a pair of
identical bi-cubic phase profile optical lenses (Fig. 29). An Alvarez
lens can be used for dynamic correction of arbitrary astigmatic
aberrations by relative translation of the bi-cubic [88]. Zhang et al.
implemented SSS to fabricate the structured optics based on
curved substrate, such as compound eye, as shown in Fig. 30. To
avoid the shape distortion caused by tool misalignment, an off-
centre machining configuration was used to improve the form
accuracy [259].

A similar configuration to SSS was studied, in which the XCB

axes synchronously move. A machine equipped with an additional
rotational axis can create motion in the Z-direction by rotating the
B-axis with a tool mounted off centre as shown in Fig. 31. For steep
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Fig. 32. FTS machining structure for sinusoidal waves [71].
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Fig. 33. Elliptical vibration FTS [212].
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surface slopes, a mild freeform shape would require large motions
of Z axis, but only small motions of B axis. The reaction forces from
B accelerations excite the machine base in the less sensitive
angular direction, and the ratio of moving mass to reaction mass is
much lower for B acceleration than Z. XBC SSS machining is feasible
but it is still in the early stages of development relative to the more
mature XZC configuration [41].

Conventional SSS is limited in its ability to fabricate multi
freeform surfaces on one lens, such as the freeform prism, as shown
in Fig. 11, which needs positioning accuracy between different
freeform surfaces. A machining method combined SSS method and
fly-cutting method was used to machine this type of lens
maintaining the accuracy of relative positions [260].

6.2. Fast tool servo

A linear actuator driving an ultra precision lathe and its driving
controller, called as a fast tool servo system, was described by
Patterson et al. in 1985 [178]. Fast Tool Servos (FTS) still employ T-
type configuration similar to XZC SSS machining. The FTS generates
the high frequency movement in the Z-axis by a specialized control
system of a short travel system superimposed on the original axis-
control of the machine. The FTS generates accurate Z axis feed
based on the desired surface and the machine axes positions. FTS is
commonly used to diamond turn surface structures such as micro
prisms, lens arrays, torics and off-axis aspherics with small sags
(up to hundreds of microns) [19,172].

FTS can be classified by their drive mechanisms into PZT
actuators driving voice-coil motor (VCM), Maxwell electromag-
netic force (MEF), servo motors, magnetostrictive actuators and
so on. The first three methods are more commonly used. Most
papers report the applications that improve machining accuracy
of FTS, decrease fabrication error, and process non-circular
surfaces. Most FTS are driven by PZT actuators, with the
advantages of fast response, simple driving principle, and high
stiffness; these systems have strokes from several to a few
hundred micrometres with frequencies from 20 Hz to 2 kHz.
Flexures or stacks can amplify the stroke of FTS driven by PZT.
FTS driven by VCM can travel several millimetres with good
dynamic characteristics and linearity. However, FTS driven by
VCM have lower frequency response and lower accuracy
compared with FTS driven by PZT.

MEF–FTS can realize short (below 100 mm) and medium
(100 mm�1 mm) strokes, and adopts a biased permanent magnet
method for linearity. Such FTS have good dynamics and large
acceleration, allowing very high frequency response. Gutierrez
et al. designed an MEF–FTS with a stroke larger than 800 mm and
the band width of 200 Hz [77]. Trumper et al. built an MEF–FTS
with the stroke of 30 mm and the bandwidth of 23 kHz [135,225].

Brinksmeier et al. designed two nano-FTSs (nFTS), featuring
strokes of 500 nm and 350 nm at frequencies up to 5 kHz and
10 kHz, respectively [22]. Using a special piezo ceramic, this has
high linearity, near zero hysteresis, and negligible heat dissipation
properties which enable an open-loop control of the system. The
designed nFTS can generate a variation of the undeformed chip
thickness within nanometer range enabling the processing of
diffractive micro-structures. Morimoto et al. designed a new FTS
drive using hydraulic amplification giving a system frequency
response of 50 Hz with a stroke of 100 mm, which is 4 times larger
than the basic design [159]. Gao et al. also designed an FTS system
using a PZT to actuate the diamond tool and a capacitance probe for
feedback, (Fig. 32), giving a bandwidth of approximately 2.5 kHz
and a tool displacement accuracy of several nanometers in the
closed-loop mode. This system was implemented to fabricate the
sinusoidal waves in the X-direction and the Y-direction with spatial
wavelengths of 100 mm and amplitudes of 100 nm over an area of
150 mm [71]. The newly designed FTS can fabricate difficult-to-cut
materials such as steel, brittle materials, and so on. Mizutani et al.
employed an FTS with resolution of 5 nm in grinding machine to
generate a ceramic mirror-surface with the accuracy of �0.01 mm
[156]. Suzuki et al. designed an FTS whose depth of cut can be actively
controlled in elliptical vibration cutting by controlling vibration
amplitude in the thrust force direction as shown in Fig. 33 [212].

FTS with high frequency response always have short strokes,
and FTS with large strokes always have low frequency response
and relatively low accuracy. Therefore many researchers put their
efforts on hybrid FTS in order to realize an FTS with both high
frequency response and large strokes. Elfizy et al. [49] designed a
dual-stage FTS features with large range of linear motor and high
frequency response and high accuracy of PA. They utilized flexures
to provide precise frictionless motion. The dual-stage FTS have the
maximum stroke of 1 mm, resolution of 20 nm, frequency
response of 50 Hz with small amplitude motion, natural resonant
frequency of 650 Hz, and can be applied to process sinusoid curve
in ultra-precision milling machine [49]. FTS combining the VCM as
macro stage and PA as micro stage is also widely adopted by
researchers like Liu et al. who obtained the maximum stroke of
1 mm and a frequency response of 200 Hz [132]. Liu et al. applied a
FTS combining linear motor and PA in ultra precision milling
machine. The FTS can realize the stroke of 20 mm with positioning
accuracy of 0.2 mm and tracking accuracy of 2 mm, it can be
applied in ultra-precision machining [133]. Li et al. developed a FTS
combining a stepper motor for the coarse motion to obtain the
large stroke and fast response speed, and a piezoelectric micro-
actuator for the fine motion to achieve high resolution and
accuracy. The experimental results show that the stepper motor
has a working stroke of 90 mm with the displacement resolution of
0.3 mm and the piezoelectric micro-actuator has a working stroke
of 40 mm with the positioning accuracy of 0.9 mm [126].

Tool path is also important for FTS machining to control the
shape accuracy and surface quality. Scheiding et al. discussed the
Cubic Spline interpolation and tool radius correction of cutting tool
path to fabricate the micro optical lens array on a steep curved
substrate [194].
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6.3. Ultra-precision milling and fly-cutting

Ultra-precision milling is suitable for the fabrication of micro-
structured optics, which are widely applied in both imaging and
lighting. One configuration, called a broaching process, use a multi-
axes machine for cutting the surface, with a straight line tool path
in projection. Fig. 34 shows a unique freeform microlens array for a
compact compound-eye camera that gives a large field of view of
488 � 488 with a thickness of only 1.6 mm [129,130].
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Fig. 34. Freeform microlens model (above) fabricated by straight line cutting path

(below) of broaching process [129].

Fig. 36. Tool path generation of raster milling [24].

[(Fig._37)TD$FIG]
Ultra-precision milling always uses a high-speed spindle for
high performance. The easy approach is that the diamond tool is
mounted onto the spindle of an ultra-precision turning machine
and the part where the tool post is normally situated; this method
is called fly-cutting. It only needs the X and Z two-axes motion, and
the tool feed direction is perpendicular to the spindle rotational
axis for nominally plano surfaces; More complex surface shapes
can be produced, particularly on machines with a B axis. Fly-
cutting is commonly used to fabricate the micro-grooves, so that it
is also known as diamond grooving. As with textured cylindrical
roll turning, burrs are a major problem. An experimental set-up for
machine micro-grooving was presented and the burr formation
mechanism have been discussed both theoretically and experi-
mentally [56,59]. A small uncut chip thickness helps reducing the
burr formation. Micro grooves machined by down-cut method
using a cutting tool with ‘‘perfect’’ edge profile geometry resulted
in a burr-free groove with accurate profile.

A microprism array is a pyramid array which can be formed
using the three-step micro-grooving by fly-cutting. Such structures
are commonly used to passive lighting applications, especially in
traffic signals (Fig. 35(c)). Fig. 35 also displays the other micro-
structured surfaces machined by fly-cutting [56].

[(Fig._35)TD$FIG]

Fig. 35. Typical micro-structured surfaces fabricated by fly-cutting [56].
As indicated above, a rotating diamond tool can also be
mounted on the multi-axes machine. The machining configuration
is similar to fly-cutting, although if the diamond is close to the axis
of rotation, this process is commonly referred to as milling. Often
three axes of linear motion traverse either the spindle or the part to
contour the freeform shape. The tool always moves in a raster path,
so it is called raster milling. Raster milling is a comparatively less
efficient process, particularly for long cycle times and suscept-
ibility to external disturbances such as environmental temperature
fluctuations. Raster milling is useful for continuous surfaces where
tool clearance angle requirements is difficult to be met for other
machining methods. The F-theta and hyperbolic parabolic surfaces
were fabricated in [24] and [117] using raster milling. The ball-end
milling tool was also used in this method, and the cutting
strategies, tool path generation, and kinematic errors are analyzed
as shown in Fig. 36 [24].

Takeuchi et al. presented a cutting method using non-rotational
cutting tool to deal with the manufacture of multiple-focus micro
Fresnel lenses [160,216]. The machining is conducted on a 5-axis
control ultra-precision machining (Fig. 37). The cutting tool is
mounted to the ultra-precision machining centre so that the tool
axis can be kept perpendicular to B table and that the top of tool
can correspond to the rotational centre of the C table. This method
was also used on 6-axis machine to fabricate flat-end curved
microgrooves [217].
Fig. 37. Non-rotational cutting tool machining [160].
Another approach uses an ultraprecision lathe where an
additional high-speed milling spindle is integrated, which holds
the diamond tool. The three machine axes are used to position the
tool relative to the substrate and to feed the tool on its spiral tool
path. When the tool feed direction is normal to the part surface,
this method is called end-milling and is suitable for structuring
small optics especially ones with high slopes. It is also called micro
milling for the tool is smaller than the size of structure. Scheiding
et al. fabricated an array containing more than 1300 lenses. The
lenses have a design radius of 1.286 mm and a sag of 257 mm [193].
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Fig. 38. DMC machining principle [63].
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Fig. 39. Wheel normal grinding [21].
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Fig. 40. Half-sphere wheel of FREEDOM using ELID [166].
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End-milling was also applied to fabricate micro-groove and
micro-pyramid arrays. Because the tool feed direction is parallel to
the end-mill rotational axis, the finished surface is generated by
the same point on the cutting edge. Even if the cutting edge is
worn, a smooth surface may be obtained. Micro-dimple arrays,
micro-grooves, and micro-pyramid arrays with extremely smooth
surface and high-accuracy profile could be obtained on oxygen-
free copper without remarkable tool wear [250].

Another machining process, diamond micro chiselling (DMC),
has been developed. It is capable of generating micro cube corner
retro-reflectors with hexagonal individual apertures and 100% of
effective aperture. The cutting principle for a three sided cavity is
illustrated in Fig. 38. In combined movements of axes X, Y, Z the
tool enters the workpiece and a sloped mirror edge is cut. An array
of 2500 cubic hexagon retro-reflectors of 200 mm structure size
has been fabricated [20,63].

6.4. Ultra-precision grinding/polishing

Diamond machining is well suited to cutting crystal materials
such as germanium, zinc sulfide and zinc selenide, as well as
polymers such as polymethylmethacrylate, polystyrene, and
polycarbonate. Mould inserts, for moulded optics, are manufac-
tured by harder and more brittle materials that cause rapid
diamond wear. In addition, the demand for micro glass aspheric
and freeform optics is increasing rapidly. Glass has better
mechanical and optical properties than plastic for most optical
applications. The fabrication of moulds and glass optics needs
ultra-precision grinding or polishing. The machining of ultra-high
precision parts by abrasive processes, however, can be more
difficult than turning and milling due to process complexity and
non-deterministic nature [21,205].

In case of freeform optics the machines often have multiple axes
with controlled motions; some machines have up to six axes that
can be commanded simultaneously. High speed grinding spindles
that can reach speed of 200,000 rpm are used to the grinding of
brittle materials. In recent years many efforts have been conducted
by researchers to determine the best way to grind these mould
cavities. Yamamoto [248], Suzuki [211] and Chen [31] describe
some of the techniques used in grinding micro mould cavities.

Tohme reported a wheel normal grinding process with two
linear axes and a rotary axis. In this case, the working surface of
cylindrical or cup grinding wheel is kept normal to the workpiece
surface by the control of rotary axis. Therefore, the included angle
between grinding spindle axis and surface tangent needs to be kept
constant over the entire grinding process, as shown in Fig. 39,
which ensures that the tool geometry errors does not affect the
shape errors of part. This requires the grinding wheel to be aligned
with the B-axis centre line [21,223].

Another grinding method has been developed for precision
machining of freeform shapes, i.e., freeform wheel normal
grinding, which is also called slow-tool grinding. In this method,
the workpiece spindle is equipped with a rotary encoder (C-axis),
so that the position of the grinding wheel can be moved back and
forth as a function of the angular position of the workpiece (tool
servo). Using this grinding technique, a large number of different
lenses and moulds with cylindrical or toric shapes as well as lens
arrays can be ground [21,223].

A number of micro grinding processes have been developed in
the past years, especially for decreasing the grinding wheel
dimensions and increasing the achievable aspect ratio. For the
manufacturing of microstructures two notch grinding methods
with different tool shapes have been developed [21,23].

Deteministic grinding is difficult mainly due to abrasive grit
wear which changes both grinding forces and material removal
mechanism. Metrology is always used to compensate the shape
error. Electrolytic in-process dressing (ELID) is a good approach in
reducing the effect of wheel wear. A half-sphere wheel was
designed for freeform optics grinding in ELID, as shown in Fig. 40.
This method is named FREEDOM (free dominant machining),
which can yield very good surface finish (Sa < 2 nm) and reduced
sub-surface damage [166].

Generally, grinding alone cannot meet the optical surface
requirements for a wide variety of freeform optics. Hence a
subsequent smoothing step is required. Several polishing tech-
nologies have been proposed for cost-effective manufacturing of
freeform optics, including Magnetorheological Finishing (MRF)
and Magnetorheological (MR) Jet, which can produce complex
optical surfaces with accuracies better than 30 nm PV value and
surface micro-roughness less than 1 nm in rms. MR Jet, a newly
developed magnetically assisted finishing method, addresses the
challenge of finishing the inside of steep concave domes (Fig. 41)
and other irregular shapes [205]. Zeeko has developed a freeform
automated polishing process, named as Precessions process, which
involves a sub-diameter inflated bulged membrane tool, operating
in the presence of polishing slurry [228]. Fig. 42 shows the
fabrication of torus surface on glass using this process. Lithography
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Fig. 41. Concave domes fabricated by MR Jet [205].
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Fig. 42. Torus fabricated by Precession process [228].
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Fig. 43. UV-moulding using roller embossing [38].

F.Z. Fang et al. / CIRP Annals - Manufacturing Technology 62 (2013) 823–846 835
optics need figure accuracy better than 250 pm rms, especially for
the extreme ultraviolet (EUV) lithography. Ion Beam Figuring (IBF),
performed by directing a broad beam high current ion source
(Kaufman type) onto an optic in a carefully controlled manner,
removing substrate material by ion beam sputtering, is suitable for
this requirement of lithography optics [227].

7. Moulding technologies

Many small aspheric lenses, such as camera lenses, are made by
the direct moulding of glass or plastic in an aspheric mould. The
moulds have the opposite shape of the finished asphere and are
made from materials that can withstand the required high
temperatures [8]. These optical components are readily mass
produced by the millions with astonishingly good quality. High
quality plastic optics is mass produced by injection moulding
[149]. Liquid plastic is forced into a heated mould cavity at high
pressures. The plastic is solidified to the inverse shape of the
mould. The tooling to produce these lenses is quite expensive, but
it enables a low cost process that produces lenses in the thousands.
Optical components made from plastics have the advantages of
low weight, miniaturization, high performance, greater flexibility
in surface shapes and reduced cost [87].

In contrast, glass offers advantages over plastics in optical
characteristics such as refractive index range and index change
with temperature. Although each material requires different
production methods, they both actively contribute to progress
in optical elements with high function and performance. Small
lenses are moulded in glass using a method called precision glass
moulding or PGM [182]. The lenses are formed into the final shape
by being pressed into a die at high temperature. This method
economically produces small spherical and aspheric optics in a
variety of glasses, giving diffraction limited performance and
excellent surface finish. These lenses are used in high-volume
goods such as pocket cameras. Larger condenser lenses for
projectors, which have less stringent requirements, are also made
this way [2].

FISBA OPTIK has developed a lens array design for a beam
twister made from a high index mouldable glass material. The
shape of each single lens has to be aspheric. The requirements
in terms of centre thickness, flatness and alignment of both
high. For example, a pitch accuracy was achieved in the
sub-micrometre range and the form accuracy of the final
aspheric product was measured to be in the range of 0.1 mm rms
[193].

One microlens array mould was fabricated, which is a fixed
component in the focal region of a telescope. The high-speed
wavefront sensor measures deterioration in wavefront due to air
turbulence using part of light from a star. This lens array contains
188-microlens with radial arrangement. The development target
was set to achieve 3.4 times greater resolution than the Hubble
Space Telescope [174].

In plastic optics production, injection moulding and hot
embossing involve high temperature and high pressure. They
are time-consuming batch processes. UV curing optical cement is
an adhesive which absorbs the ultraviolet (�254–378 nm) and
quickly hardens to give a good bond. Due to the good optical
performance (for example, the high index), UV curing polymers
are also used in the production of optical micro systems and
micro-optical elements. UV-moulding or UV-embossing produce
high-quality optical elements in very cost-effective processes.
This low pressure and low temperature process reduces cycle
time. Tanigami et al. used UV-moulding to fabricate Fresnel
microlenses on a glass substrate. The fabricated Fresnel micro-
lenses had high temperature stability, low wavefront aberration,
and diffraction-limited focusing characteristics [218]. Kunnavak-
kam et al. fabricated low-cost and low-loss microlens arrays using
UV-moulding with an elastomeric mould [121]. Dannberg et al.
integrated wafer-scale hybrid micro-optical subsystems such as
vertical cavity surface emitting lasers (VCSELs) using UV photo-
lithography [38].

Because the forming of UV-moulding is very fast, often in
several seconds, roller embossing technology is rapidly emer-
ging. In Fig. 43, the drum roller is used as the mould. During the
roller embossing operation, the roller rotates around a fixed axis,
while the platform slides underneath the roller. This operation
increases the scale of production beyond what can be achieved
by other methods [112]. The micro-structures are fabricated on
the drum roller, which has a complex freeform surface. The
fabrication of drum roller moulds needs the special machines
with high rigidity and stability. The HDL-2000 from Moore
Nanotech can produce the 2000 mm length micro-structured
roller. Precitech makes a similar machine, Drum Roll 1400/450.
Fabrication of micro-lens on drum roller was also studied
using the fast tool control (FTC) unit as shown in Fig. 44 [69].
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Fig. 46. ‘‘Triskelion’’ probe in the Isara 400 [241].
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Fig. 45. Nanometric CMM. (a) SIOS and (b) IBS Isara 400.
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Fig. 44. Microlens on drum roller fabricated by FTC [69].
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A piezoelectric force sensor was intergrated to measure the
cutting force along the in-feed direction synchronously
[69,125,163].

8. Measurements

Though ultra-precision machining can achieve a very high
accuracy, many factors may cause the profile errors, such as
environmental factors, machine structural errors, vibration and
tool wear. The metrology and compensation are indispensable and
fundamental techniques for obtaining better accuracy as shown in
Fig. 4.

Savio et al. surveyed metrology for general freeform surfaces in
2007, ranging from car body parts to optics [191]. For optical
surfaces, metrology requirements extend down to the nanometre
range. Both contact (tactile) and non-contact measuring techni-
ques are used, either offline and on-machine. Another way to
discriminate the different measurement possibilities is between
measurements with respect to a datum and those without any
datum (e.g., for inspecting the form of a turbine blade without
reference to the root profile).

Commercial instruments usually operate offline. The results
contain systematic errors due to the machines error motions. Many
instruments have small measuring range or long measuring time.
On-machine metrology can avoid the errors caused by moving and
re-positioning the workpiece. On-machine measurements can use
the machine axes to extend the measuring range and improve the
measuring efficiency. In this case, however, the systematic errors
of the machine may be hidden.

8.1. Contact measurement

Currently coordinate measuring machines (CMM) are the most
frequently applied instruments for measuring freeform parts in
contact mode. Conventional CMMs have a large measurement
range but an uncertainty in the micrometre range. Some studies
were made to improve the precision of CMMs by applying laser
interferometers, fulfilling Abbe’s principle in all axes and funda-
mental principles of precision machine design [195]. Examples
appropriate for measuring freeform optics include nanoCMMs
from IBS, SIOS, Werth Messtechnik [100], as shown in Fig. 45. They
can be characterized by a measurement range between
25 mm � 25 mm � 5 mm and 400 mm � 400 mm � 100 mm, a
resolution in nanometre or sub-nanometre range and a measure-
ment uncertainty in the sub-micrometre down to few-nanometres.
However, the tactile probing mode requires slow scanning speeds
and has the risk of damaging the surface. The measurement speed
of these machines is limited in the range from some nm/s to about
1 mm/s.

The probe is the important sensor for CMM. The tactile 2.5D
probes, so-called profilometers such as the products of Taylor
Hobson, are widely used. Their principle and operation is well
known and standardized, e.g., ISO 3274. The surface is scanned
with a conical or pyramidal shaped tip made of ruby or diamond
[240] and is suitable for the rotationally symmetric lenses. For
freeform optics microtactile 3D probes play an important role;
such probes are similar to conventional tactile systems based on
CMMs, but with resolution and accessibility of small features. One
such micro-probe is the ‘‘Triskelion’’ system by IBS (Fig. 46), based
on an earlier design of the NPL and used mainly in the IBS Isara. Its
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Fig. 48. Contact mode nanometric CMM.

[(Fig._47)TD$FIG]

Fig. 47. Probe system Gannen XP.
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force sensors consist of three capacitive sensors. The moving target
discs of the sensors are suspended by flexure hinges and connect to
the stylus in the centre. With the capacitive signals the stylus
deflection in X, Y and Z is calculated. The stylus consists of a stiff
tungsten carbide shaft with a small ruby sphere (1 0.5 mm) at the
end. Except for the sensors, the stylus and the probe tip, the
complete probe is made from invar to ensure good thermal
stability [44,241].

Another design was developed at the TU Eindhoven and is now
available by Xpress, the ‘‘Gannen XP’’, as shown in Fig. 47 [78]. It is
based on piezoresistive deflection detection, allowing a far higher
sensitivity than regular resistive strain gauges. The stylus is
connected to a triangular silicon membrane suspended by three
small strips containing the strain gauges. The membrane and the
sensors are manufactured in one piece by the means of micro-
system technology manufacturing processes allowing a low
moving mass of 25 mg. Several designs have been developed
trying to scale down regular tactile 3D probes [7,131]. Other
approaches avoid the need of a defined probing force by directly
registering the deflection of a very soft stylus optically or by
changes in the amplitude of vibrating probe tips [84,180]. An
overview of available probing systems can be found in
[233,236,238].

Apart from classical profilometers with a specialized axis setup,
more designs use a CMM as basis and at least partially incorporate
the Abbe principle. For instance a profilometer head was installed
in the NMM-1 system [140]. Due to lack of rotational axes the
accessible surface angle in measurements with nanoCMMs is
limited. A alternative is a combination of the Cartesian setup of the
CMM with a polar setup. A point sensor is mounted on two rotary
axes, which are stacked under an angle of 458. The sensor tip
coincides with the centre of both rotary axes and can be tilted
around its working point, as Schuler reported [238]. The freeform
workpiece is positioned underneath the polar setup on a triaxial
scanning stage. During measurement the sensor is rotated to stay
perpendicular to the local surface slope. During the scanning
movement systematic alignment and guidance deviations of the
polar system are compensated with the control of translation
stage. The effectiveness of dynamic sensor rotation is shown in
simulation [239] and in practice with a prototype, based on the
mentioned CMM of SIOS [199].

Contact trigger probes have been used to detect the surface to
be measured, since the orthogonal setup makes the application of
an optical non-contact probe difficult for surfaces with large
slopes. An atomic force probe, according to the manufacturer, is
used as shown in Fig. 48 in combination with interferometers and
stationary reference mirrors. The probe is kept at a constant
distance from the surface, resulting in a ‘‘semi-contact ‘‘measure-
ment. A vertical interferometer is employed to measure the
vertical displacement of the probe relative to a horizontal
reference mirror. In addition, it can measure the slopes of surface
up to 758. Although the surface is not in contact, scanning speeds
are still limited to 5 mm/s, leading to measurement times of many
hours for large surfaces [215].

Scanning Tunnelling Microscopy (STM) and Atomic Force
Microscope (AFM) are the important techniques to measure
micro-structured freeform optics. Although they are nominally
non-contact, they work in the scanning mode similar to CMM
system. STM is based on a electrical near-field interaction with a
conductive surface, the quantum effect tunnelling current [14].
The probes are wire tips with a tip radius of single nanometres.
AFM uses sharp cantilever tips also with a curvature of a few
nanometres and, depending on the mode of operation, is in contact
with the surface or keeps a distance of a few nanometres being
attracted by surface forces [39]. Both principles are non-contact or
apply a negligible force. They offer a lateral resolution in the
nanometre range and vertically sub-nanometre. The disadvantages
are limitations in the working range and the long time needed for
scanning. A variety of research institutes have integrated AFMs
into longer range scanners or CMMs. For most commercially
available systems, the lateral working range is usually in the range
of a few tens of micrometres and the vertical range even less.
Therefore scanning probe systems can only investigate small parts
of a surface. To keep the measurement time low, a feature-oriented
measurement strategy is necessary. With high resolution, they are
an important tool to support other measurement, such as with
local feature and roughness measurements. A feature-oriented
measurement strategy was presented for measurement time
reduction. This method optimizes the measurement operations,
enabling the selection of higher resolutions where needed
[141,192].

8.2. Non-contact measurement

Optical surface measurement methods (including imaging) and
interferometric techniques provide non-contact measurement of
freeform optics, and may measure the entire surface in a single
measurement. Optical measurements can be performed very fast
and with low uncertainty, but are sensitive to environmental
influences as well as to disturbances caused by the workpiece itself
(colour, roughness, defects, chips from machining, dust, oil or
water coats, etc.). Accuracy normal to the surface can be excellent
in interferometric procedures; lateral resolution is limited by
diffraction (i.e., the Rayleigh criterion). The limiting angular
resolution u between two still discernable points is given by
sin u = 1.22 l/D, where D is objective diameter and l the
wavelength. The application of optical sensors can be limited by
the required reflectivity and the required range for the angle
between surface and beam. Further limits can arise from certain
surface structures like steps or high surface curvature. Steps can
lead to optical edge artefacts, so-called batwings and high surface
curvature, in some interferometric systems can lead to phase
jumps, or so-called ghost steps [68,123].

Interferometry is a well known solution for fast measurement
of surfaces with sub-nanometric resolution in the direction of
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Fig. 49. Laser Fizeau interferometer.

[(Fig._50)TD$FIG]

Fig. 50. Phase measuring deflectometry [186].

[(Fig._51)TD$FIG]

Fig. 51. CMM with auto focus sensor [54].
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beam propagation [45,244]. In most cases, the Fizeau configuration
is most suitable because it employs the least number of
components and can be accomplished with relative small residual
system errors. An interferometer (Fig. 49), combines the reflected
wavefront of a reference surface and the wavefront coming from
the surface to be measured. The distance between the fringes of the
interferogram represents exactly one wavelength optical path
difference between the beams, and thus half a wavelength
departure between the reference surface and the surface to be
measured. The entire surface is imaged at once, measuring it in
seconds without contact. The technique has been available as a
commercial tool since the early 1970s and a number of well
respected manufacturers such as Zygo, Veeco, have made them
over the years. An extensive overview of many interferometry
based techniques is given in [138]. High accuracy of measurements
can be achieved using a technique known as phase shifting, and the
direction of the height difference can be derived accurately and
automatically.

Laser interferometers are ideal for measuring flat and spherical
surfaces with a matching reference. When measuring an aspheric
or freeform with too much deviation from the reference wavefront,
the reference can be matched to the surface under test by using a
correction element such as a null lens or Computer Generated
Hologram (CGH). The reference can be a diffractive optical element
manufactured by high precision lithographic methods. These
elements have to be specially designed and manufactured for each
specific surface shape. CGHs have limited dynamic range and are
not practicable for all freeforms. In addition, alignment is a very
important issue, as it is a calibration of the CGH [27,150].

When the deviation between the reference and test surface
increases, the number of fringes increases as well. With a 1k � 1k
CCD, up to a few hundred fringes can be resolved, which limits the
slope of local deviation from spherical. One way to reduce the
number of fringes on the detector is by decreasing the aperture. By
imaging multiple sub-apertures of the surface, and numerically
stitching these together, a complete surface area measurement can
be obtained. A number of different groups have used stitching
techniques as a way to address the aperture size or aspheric
departure, dating from the 1970s or before. The work at QED is one
example [47]. When the deviation is in the order of millimetres, the
amount of sub-apertures that is required increases rapidly, along
with the measurement time.

Stitching errors increase rapidly with the number of sub-
apertures. A number of techniques have been developed using
slope or curvature, such as Traceable Multi Sensor (TMS)
technique, which measures freeform surface using interferometer
sensor in scanning style. An autocollimator is applied to conduct
tilt measurements of the sensor system at each scanning position
[74,252].

Phase Measuring Deflectometry (PMD) is a cost-effective and
robust system for measuring freeform surfaces. In this method,
sinusoidal fringes are projected onto a surface. The surface
variation causes fringe variations, as recorded by a camera
(Fig. 50). By phase-shifting the fringes, the surface profile and
curvature can be deduced. This method has been applied for
progressive spectacle glasses. It was also used to measure X-ray
mirror with the better than 100 nrad (rms) precision of surface
slope errors [209]. PMD focuses onto the object and the fringes at
the different time so that it is not limited by the intrinsic depth of
field [186,226]. Similarly, in the Fringe Reflection Technique (FRT)
the variation in fringes spacing is converted to, local gradients for
each camera pixel. This method is less sensitive to external
vibrations and temperature instabilities. A multi-facet mirror
machined by fly-cutting was measured, presenting a lateral
resolution of 70 mm and nanometer vertical resolution. Despite
the high resolution of the system, the height of the investigated
surface may range within several 10 mm [16,75].

An auto focus laser probe mounted on CMM can measure
freeform optics in non-contact mode. Fig. 51 shows an example
using this method. With the laser beam focused on a sample
surface using the microscope objective lens, the surface reflected
light is detected by a four quadrant detector (FQD). The Z-axis
surface position of sample is detected by an AF (auto focus) sensor
[54]. The XY position is scanned with a high-precision mechanical
stage controlled by the optical linear control system. A machine in
48 of freedom was also developed, in which the position of the
probe relative to the lens can be measured, as shown in Fig. 52
[80,81].
Confocal microscopy is an effective tool for profile measuring at
micro-scale. The maximum detectable slope is higher than other
instruments, and can reach 758 with enough scattered light
[144,191]. Data are typically much noisier for high slopes.
Chromatic confocal scanning has been suggested for freeform
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Fig. 52. 4-degree CMM with auto focus sensor [80].

[(Fig._54)TD$FIG]

Fig. 54. AFM-head on turning machine [70].
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microparts. But as the point scanning of the whole surfaces takes a
long time, a feature-oriented reduction to representative single
profiles is suggested [107].

8.3. On-machine measurement

In on-machine, or in situ measurement, an appropriate probing
system is built into the ultra-precision manufacturing machine,
moved by the machine axes, and provides measurement data
without removing the workpiece from the machine. The measur-
ing range of the original measuring system is extended by the
machine axes and the measuring path can be controlled using the
CNC machine. Typically point to point scanning is used in these
current On-machine measurements.

Moore Nanotech provides the Workpiece Measurement and
Error Compensation System (WECS) for on-machine metrology in
which an air bearing LVDT probe is mounted onto the ultra-
precision turning machine (Fig. 53). The probe moves along the
ideal measuring path under control of X, Z axes, while Linear
Variable Differential Transformer (LVDT) sensor captures the
position deviation of probe due to the figure error of measured
surface. This system provides the compensation of shape errors
with the filtering operation.
[(Fig._53)TD$FIG]

Fig. 53. WECS using the LVDT probe [courtesy of: Moore Nanotechnology Systems].
A number of variants of this approach have been used. One great
advantage is that the air bearings allow the probe to move freely in
the direction of workpiece, while provide high stiffness laterally.
Probe displacement can be measured by a variety of techniques,
including interferometery, which allows high resolution over large
ranges [161].

In on-machine measurement, another significant error source is
the alignment error between the spindle rotation axis and the
probe tip of the contact-type displacement sensor, or the centering
error. Shibuya et al. proposed a spiral scanning probe measure-
ment system, including a method to make the alignment
accurately. They reported results of experiments of surface profile
measurement of a micro-aspheric lens.

Other approaches include mounting a contact-type displace-
ment sensor on a slide, with a ring artefact vacuum-chucked on the
spindle surrounding the aspheric object, and two capacitance-type
displacement sensors set on the slide to scan the surface of the ring
artefact [203]. The surface profile of the ring artefact can be
measured accurately by reversal [53]. Three sensors can be applied
to measure the motion errors of the probe completely.

A conventional atomic force microscope (AFM) has a very small
measuring range. However, Gao et al. mounted an AFM cantilever
tip on a diamond turning machine, and a linear encoder with a
resolution of 0.5 nm for accurate measurement of the Z-directional
profile height in the presence of noise associated with the diamond
turning machine (Fig. 54). A superposition of periodic sine-waves
along the X and Y directions (wavelength (XY): 150 mm, amplitude
(Z): 0.25 mm) were measured [70].

In freeform grinding machines, on-machine measurement is
applied widely. Satisloh integrates the On-Machine-Metrology
(OMM) in their CNC grinders. The sensor is built into the tool head
of a CNC machine, moved by the CNC-axes. Besides high resolution
capability, this setup enables measurements with the work piece
in the same position, where it is machined, i.e., without the
necessity to move or re-position the work piece. OMM offers a
resolution of 0.1 mm on ground surfaces, limited by the systematic
machine errors.

White light interferometer systems combine proven non-
contact measurement technology, delivering over 1 million data
points at sub-Angstrom resolution, with a set up boasting simple
integration, good vibration immunity and very simple software
control. White light interferometers have been designed for
integration into automated production line metrology applications
both on-machine and in-line [233,236].

There are a number of different probes that can be integrated
into different machines providing trade-offs between resolution
normal to the surface, lateral resolution, speed, and noise. An
example was developed using laser probe unit with a maximum
resolution of 1 nm, a measuring range of 10 mm, a repeatability of
5.6 nm and a maximum measurable angle of 608 [167].

9. Characterization

Characterization of freeform optics commonly requires the
integrated technologies of alignment (also called matching or
registration), stitching procedures (in special cases), filtering and
traceability as well as characterization/verification. The general
principle of form evaluation of freeform surfaces is to align
extracted points (from the measured data) and design data (CAD-
model of nominal form) and to evaluate the deviation between
them. For alignment the measured point cloud describing the real
surface is transformed (rotated and translated) to best fit either
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� to
 the nominal reference coordinate system, defined in the CAD-
model by a datum system consisting of standard features like
plane, cylinder, etc. (ISO 5459), or

� d
Fig. 55. Surface alignment with CRD method [118].
irectly to the nominal (theoretical) CAD-model of the freeform
surface. In this case the alignment consists of coarse and fine
registration procedures as described in [235]. Non-linear
optimization methods are applied for optimizing the alignment.
For characterizing the quality of the registration least square or
minimum zone criteria are used [234,237].

Surface parameters, such as Ra for roughness and PV for form
error, have long been used. Such parameters have significant
limitations in surface characterization [50]. For 3D freeform
surface, these characterization parameters are particularly defec-
tive. Other mathematical methods are being used to characterize
the measured surface, for example Fourier transforms and
autocorrelation [15]. Currently, the standard ISO 25178-2 is being
developed and some parts published; this standard is related to the
analysis of 3D areal surface texture, including height, functional,
spatial, hybrid and feature parameters [91]. Spatial characteriza-
tion over a broad range of spatial separations is an active research
topic.

9.1. Alignment

Before applying alignment methods the collected points must
be corrected for known systematic deviations of the measuring
system. This includes – for tactile CMM measurements – probe
stylus bending effects and the tip ball correction caused because
the centre point of the tip ball is captured but the surface point is
different. The probing direction (probing vector) relative to the
normal direction on the freeform surface has to be considered for
correction of the point differences. For optical measurement
systems optical distortions in the optical path must be corrected as
far as possible before application of alignment procedures.
Systematic errors like form deviation and wear of the probing
tip, have also to be corrected in scanning probe systems. All other
systematic effects must be considered [78]. After correcting known
systematic point deviations further processing of the data can be
done. The first step is alignment.

There are two main methods to align freeform surfaces. The first
considers functionally relevant surfaces to define the workpiece
coordinate system which is then transformed to the reference
coordinate system of the designed surface. The other aligns both
surfaces considering all data points, applying either surface or
feature based approaches. The form error is obtained from the
distance from the measured points to the designed surface. After
filtering, reliable characterization results are derived if the
influence of systematic errors is eliminated efficiently. Jiang
et al. described the data processing technology for 3D surface
metrology [106].

After obtaining the measured data, a non-linear coordinate
transformation must be solved in order to ensure the consistency
of the measured coordinates with the designed coordinates by
matching methods. Freeform matching is an optimization process.
The iterative closest point (ICP) algorithm has been adopted to
carry out the surface matching process. ICP algorithm and rigid
body transformation based on mean-square distance have been
used for 3D shapes registration [13,183,201]. Some studies have
been undertaken to improve the efficiency of the ICP. For example,
Ravishanker used a modified ICP with a priori knowledge of two
point sets between measured and model [185]. Liu proposed a
method which manipulated possible point matches established by
ICP criterion based on colinearity and closeness constraints [134].

Jiang et al. introduced a structure neighbourhood signature
fitting method for smooth freeform surfaces and tessellation
technique to identify and characterize micro-structure surfaces.
The method applied an inscribed sphere within the boundaries of
the measured surface to obtain the intersection curves and fitting
plane inside the sphere, to find correspondent features in
templates. Fine alignment was conducted by using the Leven-
berg–Marquardt algorithm [103].

Kong et al. proposed the coupled reference data method
(CRDM) to evaluate smooth optical freeform surfaces with high
efficiency and precision. The coupled reference data (CRD) are
designed around the workpiece and machined together with it, as
shown in Fig. 55, where surface 1 is the workpiece and surfaces 2, 3,
and 4 are the reference surfaces. By aligning the reference data, the
proposed CRDM carries out fast surface matching. This makes good
preparation for the next matching optimization which is con-
ducted by the least-squares and minimum zone method. The
optical f-theta workpiece was measured and evaluated [118].

One promising matching approach is the utilization of the
surface intrinsic properties, which is independent from the
coordinates. In essence, CRDM provides additional features
manually. Seeger et al. presented an overview of rigid registration
methods applicable to surface descriptions by feature extraction
and registration technology. The types of freeform features are
formally described by means of an analytical definition for the
surface modification through deformation and eliminations laws
utilized two intrinsic surface properties, the Gaussian and the
mean curvatures, as object features for matching [200]. Lines of
equal curvature were used to establish the relationship between
two objects and the matching was realized by interval projection
polyhedron algorithm and rigid body transformation. Ko et al.
utilized two intrinsic surface properties, the Gaussian and the
mean curvatures, for surface matching, and the related iso-
curvature lines were employed to establish the correspondence
between two objects [113,114]. Kase et al. applied the main
curvature changes of the measured and designed surface to
conduct local characterization while the global characterization
was carried out based on the normal vector [110].

Cheung et al. used the Gaussian curvature for data matching. A
smooth aspheric surface and a micro-structured surface were
evaluated, showing that the proposed method is more robust than
traditional matching criteria. Fig. 56 shows the Gaussian curvature
distribution of measured lens array and the reported form error
[34].

There are also some software packages available in the market,
such as Polyworks, RapidForm, Imageware and Geomagic,
providing the comparison procedures including the manual initial
alignment, suggestions for the registration operations of systems
and feature-based alignment. Although some research and
achievements in measurement of freeform surfaces have been
reported, most of them are still limited to the millimetre or micro/
sub-micro metre scale due to the matching precision. Therefore,
the acquisition of form error data by on-machine metrology has
advantages. For example, the WECS of Moore Nanotech gives the
form error directly. Some research evaluating the optical proper-
ties avoids the shape evaluation because of the matching difficulty
[155,173]. Nussbaum et al. characterized the surface profile and
the wave aberration as well as the surface roughness [164]. Some
parameters such as microlens pitch, fill factor, surface quality, and
wavefront quality have been examined for lens-let arrays for
astronomical spectroscopy by Lee and Haynes [124].
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Fig. 56. Gaussian curvature (above) and form error (below) [34].
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Fig. 57. Filtering results compared by common and robust filter.

[(Fig._58)TD$FIG]

Fig. 58. Process example for turning and compensation.
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If the measured objects are bigger than the measurement area
of the sensor used, surface data can be captured with shifted sensor
positions. After each measurement the object is relocated and an
additional measurement made which overlaps with the previous
measurement. Next all the individual measurements are combined
to one surface description (stitching). For the coarse registration
the calibrated sensor-positions are applied [109]. Depending on
the positioning accuracy of the positioning stage the result can be
improved during fine registration [143]. The process of stitching
gives data over larger measurement areas with higher spatial
resolution and can capture higher slope angles by moving the
sensor position accordingly [142].

9.2. Filtering

The form errors obtained by matching can be used for shape
compensation to reduce the deviation, because they contain the
roughness, waviness and real form deviation. Three components
should be separated using the filtering methods, which have been
widely discussed [for example 104–106, 127, 179]. The earliest
filter used in surface metrology is the 2RC filter [4]. Owing to the
advantage of correct phase with a minimum time–frequency
window area, Gaussian filtering (GF), rather than 2RC, is now
recommended as the default method for characterizing surface
topography [99]. Wavelet analysis decomposes the surface data
into multi-scalar space. By transferring space-based information
into scale-based information, it can identify not only frequency
events of the original data but also their location properties can be
kept. Many new breakthroughs and research trends in surface
characterization have been reported, such as robust filtering, the
Motif and fractal method [90–97]. However, despite their certain
merits, these nascent methods are restricted in practical applica-
tion. ISO/TC 213 is currently taking up review and comments of
integration of these filters into the international standards.

Filters that are not robust can produce a distorted estimate of
underlying form, due for example to the effect of the tool marks on
the machined surface or outliers. This distorted form would result
in incorrect shape compensation. Therefore, 3D robust filters
remain an active topic of research [93,127,231]. Fig. 57 shows a
comparison of a GF and robust Gaussian filtering (RGF); the RGF is
more effective in the presence of outliers. Fig. 58 gives an example
of compensation of turning after filtering, showing the real figure
error and residual error. The adjusted path for compensation is
generated based on the figure error data.

Filtration on complex freeform geometries at the micro-nano
scale is very challenging since current standard filters mentioned
above are based on planar method that leads to distortion when
applied to freeform surfaces. An initial investigation into the use of
mean curvature motion (MCM) for the smoothing of freeform
surface has been reported [102,106]. This uses Partial Differential
Equations (PDE) to provide a generalization of ‘Gaussian filtering’
to freeform surface without distortion.

9.3. Traceability

Traceability is often considered one of the desiderata of modern
metrology and seen, often erroneously, as an endorsement that the
measurement is of the highest quality. If the goal of the
measurement is process control, traceability may not be necessary,
provided that there is a relationship between the measurements
made and the function of the product or process.

Traceability is defined as a property of the result of a
measurement whereby it can be related to stated references
through an unbroken chain of comparisons all having stated
uncertainties [89]. This has three significant consequences. First,
only measurements that can be made by the National Metrology
Institutes (NMIs) can be traceable; second, that uncertainties must
be properly propagated through the chain of comparisons; and
third that the accumulation of uncertainties through the compar-
isons does not overwhelm the functional requirements of the
measurement.
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For many measurements requiring traceability, the conven-
tional chain of comparisons is perfectly adequate. Few freeform
optics can be measured at NMIs. There is another route to
traceability according to the requirements of ISO 17025 [3].
According to the US standard on metrological traceability [4],
metrological traceability is always to the unit; an appropriate
metrological terminus can be a competent laboratory or a
realization of the SI metre. This recommendation is reinforced in
ISO 17025 which states that traceability to SI units may be
achieved by reference to a natural constant, the value of which is
known and recommended by the International Committee
of Weights and Measures (CIPM). CIPM recommendations
for standard frequencies and for the practical realization
of the metre appear on the BIPM website, provided that
the given specifications and accepted good practice are
followed.

A claim of traceability, following this second route, for a derived
quantity (e.g., departure from the designed shape) requires a
rigorous uncertainty analysis. This has been documented, in the
case of optical flats [51] based on a NIST memorandum [146] which
states ‘‘. . .the three flat method is used at NIST to calibrate our
master reference flats, the method is very well documented in the
technical literature, and provides adequate traceability to satisfy
the requirements of ISO 17025’’. The same approach to traceability
through realization of the unit and rigorous uncertainty analysis
and cross-checking might be taken to measurements of freeform
surfaces.

10. Conclusions

Manufacturing of freeform optics is a promising technology in
various applications discussed in this paper. The manufacturing of
freeform optics requires integrating multiple technologies
including design, machining, metrology and evaluation. For the
design of freeform optics, multi-parameter optimization has been
adopted widely using various commercial software systems.
However, the direct mapping method has potential for higher
accuracy design, although it still depends on a fitting model
method with high accuracy because the discrete points are
directly calculated. In design of freeform optics, the tolerances
should be a key focus, in order to reduce the precision requirement
of machining. Machining method is the core technology of
freeform optics, facing several important problems currently as
follows.
� M
ore types of complex surfaces are necessary to be machined in
many applications.

� M
ore types of materials need to be machined efficiently using the

diamond turning, milling, grinding and polishing methods to
meet the demanding requirements.

� T
he machining accuracy of freeform optics is expected to be

improved to nanometer or even sub-nanometer scale.

The first two issues can be resolved by new configurations and
new processes. The third issue requires new devices or systems
with better accuracy, in which the tool path is designed through
analysing the kinematics of machining comprehensively. Freeform
optics is a developing technology; design, machining, moulding,
measurement, characterization and standardization remain
research topics. The mathematical models for freeform geometric
specification and verification are still in the early stage of research.
New instrumentation and methods, artefacts, uncertainty analyses
and reference algorithms will be important next steps towards
traceable freeform measurement. The on-machine method to
measure the form errors directly can be used to avoid the matching
process through using the high-precision displacement sensors
with a short measuring range, provided systematic errors are
properly treated. In addition, the measurement of optical
performance should be considered as this is key to eventual
applications.
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[148] Mı̃ano JC, Benı́tez P, González JC (1995) RX, a Nonimaging Concentrator.
Applied Optics 34:2226–2235.

[149] Michaeli W, Heßner S, Klaiber F, Forster J (2007) Geometrical Accuracy and
Optical Performance of Injection Moulded and Injection-compression
Moulded Plastic Parts. CIRP Annals – Manufacturing Technology 56(1):545–
548.

[150] Millerd J, Brock N, Hayes J, North-Morris M, Novak M, Wyant JC (2004)
Pixelated Phase-mask Dynamic Interfero-meter. Proceedings of the SPIE
5531:304–314.
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[242] Winston R, Miñano JC, Benı́tez P (2005) Nonimaging Optics, Elsevier.
[243] Wu RM, Li HF, Zheng ZR, Liu X (2011) Freeform Lens Arrays For Off-axis

Illumination in an Optical Lithography System. Applied Optics 50(5):725–732.
[244] Wyant JC (2003) Dynamic Interferometry. Optics & Photonics News 14(4):36–41.
[245] Wyant JC, Creath K (1992) Basic Wavefront Aberration Theory for Optical

Metrology Chapter 1 in Applied Optics and Optical Engineering, XlAcademic
Press. 28–39. 1992.
[246] Xu L, Chen K, He Q, Jin G (2009) Design of Freeform Mirrors in Czerny–Turner
Spectrometers to Suppress Astigmatism. Applied Optics 48:2871–2879.

[247] Yabe A (2012) Representation of Freeform Surfaces Suitable for Optimization.
Applied Optics 51(15):3054–3058.

[248] Yamamoto Y, Suzuki H, Okino T, Hijikata Y, Moriwaki T, et al (2004) Ultra
Precision Grinding of Micro Aspherical Surface. Proceedings of ASPE Annual
Meeting, 558–661.

[249] Yan JW, Asami T, Harada H (2009) Fundamental Investigation of Subsurface
Damage in Single Crystalline Silicon Caused by Diamond Machining. Precision
Engineering 33:378–386.

[250] Yan JW, Zhang ZY, Kuriyagawa T, Gonda H (2010) Fabricating Micro-struc-
tured Surface by Using Single-crystalline Diamond Endmill. International
Journal of Advanced Manufacturing Technology 51:957–964.

[251] Yan JW, Zhao HW, Kuriyagawa T (2009) Effects of Tool Edge Radius on Ductile
Machining of Silicon: An Investigation by FEM. Semiconductor Science and
Technology 24:075018.

[252] Yashchuk VV, Barber S, Domning EE, Kirschman JL, et al (2010) Sub-micro-
radian Surface Slope Metrology with the ALS Developmental Long Trace
Profiler. Nuclear Instruments and Methods in Physics Research A 616(2/3):212–
223.

[253] Yi AY, Li L (2005) Design and Fabrication of a Freeform Phase Plate for High-
order Ocular Aberration Correction. Applied Optics 44(32):6869–6876.

[254] Yi AY, Li L (2005) Design and Fabrication of a Micro-lens Array by Use of a
Slow Tool Servo. Optics Letters 30(13):1707–1709.

[255] Yin ZQ, Dai YF, Li SY (2011) Fabrication of Off-axis Aspheric Surfaces Using a
Slow Tool Servo. International Journal of Machine Tools & Manufacture 51:404–
410.

[256] Zamora P, Cvetkovic A, Buljan M, Hernandez M, et al (2009) Advanced PV
Concentrators. 34th IEEE of Photovoltaic Specialists Conference, 929–932.

[257] Zhang XD, Fang FZ, Wang HB, Wei GS, et al (2009) Ultra-precision Machining
of Sinusoidal Surfaces Using the Cylindrical Coordinate Method. Journal
Micromechanics and Mircoengineering 19:054004. (pp. 7).

[258] Zhang XD, Fang FZ, Wu QQ, Liu XL, Gao HM (2012) Coordinate Transforma-
tion Machining of Off-axis Aspheric Mirrors. International Journal of Advanced
Manufacturing Technology. http://dx.doi.org/10.1007/s00170-012-4642-x.

[259] Zhang XD, Fang FZ, Yu LH, Jiang LL, Guo YW (2013) Slow Slide Servo Turning
of Compound Eye Lens. Optical Engineering 52(2):023401.

[260] Zhang XD, Gao HM, Guo YW, Zhang GX (2012) Machining of Optical Freeform
Prisms by Rotating Tools Turning. CIRP Annals – Manufacturing Technology
61(1):519–522.

http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1150
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1150
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1150
http://dx.doi.org/10.1117/12.978166
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1160
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1160
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1160
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1165
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1165
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1170
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1170
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1170
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1175
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1175
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1175
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1180
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1180
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1180
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1185
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1185
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1185
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1190
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1190
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1190
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1195
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1195
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1195
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1200
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1200
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1205
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1205
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1205
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1210
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1210
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1215
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1215
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1220
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1225
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1225
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1225
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1225
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1225
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1230
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1230
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1235
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1235
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1240
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1240
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1240
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1245
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1245
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1245
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1250
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1250
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1250
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1255
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1255
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1255
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1260
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1260
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1260
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1260
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1265
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1265
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1270
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1270
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1275
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1275
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1275
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1280
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1280
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1285
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1285
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1285
http://dx.doi.org/10.1007/s00170-012-4642-x
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1295
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1295
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1300
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1300
http://refhub.elsevier.com/S0007-8506(13)00193-5/sbref1300

	Manufacturing and measurement of freeform optics
	Introduction
	Applications
	Imaging application
	Concentration application
	Illumination application
	Others applications

	Mathematics in freeform modelling
	Optical design
	Partial differential equations
	Point-to-point mapping
	Simultaneous multiple surface (SMS) method

	Machining mechanism
	Machining approaches
	Slow slide servo
	Fast tool servo
	Ultra-precision milling and fly-cutting
	Ultra-precision grinding/polishing

	Moulding technologies
	Measurements
	Contact measurement
	Non-contact measurement
	On-machine measurement

	Characterization
	Alignment
	Filtering
	Traceability

	Conclusions
	Acknowledgements
	References


