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Traditional spherical and aspherical surfaces offer limited degrees of freedom for optical system de-
sign. Freeform surface breaks the geometric constraints of rotational or translational symmetry. It can correct the

aberrations in non-rotationally symmetric systems while decreasing the system size, mass, and number of elements

in optical design. The system specifications, configurations, and functions which are difficult to be realized by tradi-
tional spherical or aspherical systems can be achieved by using {reeform surfaces. The use of freeform surfaces not

The commonly used types of freeform surface mathematical expression and the aberration theory of freeform ima-
system design are discussed and analyzed.
OCIS codes

only offers great potential in the development of the optical design field, but also introduces new difficulties and
ging systems are demonstrated. The design methods of freeform imaging systems and the applications of freeform

challenges. This review briefly summarizes the current status of research on the freeform imaging system design.
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surface in various imaging systems are summarized. Finally, the future research directions of the freeform imaging
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Fig. 1 Locations of footprints for central field and marginal field on different kinds of surfaces (considering there is even
number of intermediate images between the surface and exit pupil). (a) Light beams use central area of the stop sur-

face. The footprints of central and marginal fields are the same; (b) light beams use central area of the surface away

from the stop; (c¢) light beams use off-axis section of stop surface. The footprints of central and marginal fields

are the same; (d) light beams use off-axis section of the surface away from the stop
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Table 2 Aberrations introduced by Zernike freeform surface term overlaid on different

types of surfaces (light beams use central section of surface)
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away {rom the stop A
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Fig. 2 Generation methods of starting point for

freeform imaging system design
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Fig. 3 Propagation of a ray at different types of surface. (a) Refractive surface; (b) reflective surface
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Fig. 4 Design examples of differential equation method and SMS method. (a) Design example using single freeform surface

differential equation method; (b) design example using W-W method; (c¢) design example using two freeform surface

differential equation method™ ; (d) design example using SMS method™" ; (e) design example using analytic

method related to SMS method to realize the design of two freeform surfaces which control three wavefronts
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Fig. 5 Design of good starting point generated from initial planar structure for optimization using CI method
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Fig. 6 Sketch of process for starting point design of freeform imaging system using CI method
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Table 3 Comparison of numerical solving methods based on direct point-by-point control of light rays
Design method Pros Cons
) ) Easy to use, capable of Only one freeform surface can be
Design method for single
designing nonsymmetric designed and only one field
freeform surface™ o ]
systems point is considered
Only one or two freeform surfaces
Methods proposed by Easy to use, capable of ) .
) Casoat] o ) can be designed and only the chief
. Andrew Hicks et al. ™ designing nonsymmetric . ) )
Partial - rays of different field points
. . and Hou et al.P" systems )
differential are considered
equation Easy to use, capable of Only two freeform surfaces can

(PDE) method W-W method™* "

designing

nonsymmetric systems

be designed and only a very

small field-of-view is considered

Methods proposed by Volatier

Easy to use, capable of

Only two freeform surfaces

can be designed and only a very

) designing
et al M ) small field-of-view
nonsymmetric systems . .
is considered
Having a restriction on
Excellent control of
. the number of fields considered

SMS3DM® the rays in M fields

using M surfaces

in the design process, mainly

used for coaxial systems

Simultaneous
. Method proposed by
Multiple Surface

(SMS) design method

Duerr et al. "

Excellent control of the
rays in three fields

using two surfaces

Having a restriction
on the number of fields considered
in the design process, mainly

used for coaxial systems

Method proposed by

Nie et al. 7"

Considering multiple fields and
different pupil coordinates,
working for nonsymmetric

optical systems

Only two surfaces

are considered

Construction-Iteration

(CD method""7*

Considering multiple fields,
different pupil coordinates,
and multiple surfaces,
working for different kinds of

nonsymmetric optical systems

Numerical calculation will be
very difficult if there are a large
number of surfaces between
the unknown freeform surface and

the image plane, time consuming
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Fig. 7 Design framework for the generation of starting points of freeform off-axis reflective system

using neural network based machine-learning and related design examples
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Fig. 10 Design examples of freeform off-axis reflective imaging systems. (a) Freeform off-axis three-mirror system with

small F-number and single integrated primary-tertiary mirror element; (b) freeform off-axis four-mirror afocal tele-
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Fig. 11 Design examples of freeform head-mounted displayer using prisms. (a) Freeform head-mounted displayer with small F-

number and large field of view™"

mounted displayer with dual focal planes™*” ; (d) freeform light-field head-mounted displayer"
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Fig. 12 Freeform see-through head-mounted displayer with combiner. (a) Design in Ref. [126];
(b) design in Ref. [128]
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Fig. 13 Waveguide type head-mounted displayer with freeform surface. (a) Geometric waveguide

(b) diffractive waveguide
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Fig. 14 Examples of freeform imaging system. (a) Freeform varifocal panoramic objective"
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for transverse image translation
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