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to freeform pairs with matching surfaces, the output wavefront deformation can be related to

the derivative of the individual freeform surfaces and the amount of applied shift [2,3,7,28].

Compared to the direct superposition approach described previously, the integration approach

requires signiĄcantly smaller lateral shifts without introducing signiĄcant distortion. The Alvarez

lens system is a well-known example of this approach that enables continuously tunable optical

power [2]. Palusinski later extended the Alvarez concept to enable variable aberration generators

[7]. The general form of these systems has a symmetrical working range with zero optical power

P at no shift (a= 0) and inverse optical power at the same shifts in positive and negative directions,

as shown in Fig. 1.

Fig. 1. (a) Schematic illustration of Alvarez lens system operation, (b) Optical power vs.

lateral shift for a sample Alvarez lens system.

Researchers later proposed a simple design adjustment to shift the working range of the Alvarez

lens to break the symmetric constraint and enable optical power at zero relative shift (a= 0) [29].

However, breaking the symmetric constraint becomes more difficult when other dynamic optical

properties are considered. Researchers recently reported dynamic beam shaping elements based

on the Alvarez concept that transform a Gaussian input beam into uniform irradiance outputs of

different sizes with optical power at zero relative shift [30Ű33]. Although the reported results

are very promising, the method requires multiple intermediate static designs and curve Ąts that

can be time-consuming, and the target size is assumed to change linearly with lateral shifts of

the freeform plates, which may not always be the case. DeĄning target patterns in advance is

challenging for cases having non-linear relations between shift and target size.

Previous design approaches for dynamic freeform optics have also been limited to optical

composites with similar functions along the shifting range of the freeform elements. For

example, the Alvarez lens enables variable spherical power, and adjustable aberration generators

vary a speciĄc aberration along the working range. In contrast, consider an optical system

working between non-similar optical conditions, such as a novel beam-shaping system capable of

dynamically changing the output from a circle to a square. In addition, modern non-imaging

designs can heavily utilize freeform surfaces obtained by numerical design approaches for

compact, efficient optical systems [34Ű46]. The resulting surfaces are usually described by

point clouds rather than equations. Variable illumination modes have been previously enabled

by switching optical components [47,48]; However, designing dynamic systems to enable

continuously variable optical performance for these types of systems is challenging and not been

addressed by previous design methods.

In this paper, we extrapolate the previously reported approach for dynamic beam shaping

[30Ű33] to form a generalized design method capable of varying optical performance between

two arbitrary boundary conditions. This method eliminates the needs for intermediate designs

and symmetrical constraints in the working range required by previous approaches. In addition,

this method can be applied to surfaces described analytically by equations or numerically through
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point clouds. The resulting designs can be used directly in optical systems or considered as

starting points for further optimizations using optical software based on the required accuracy

and performance. The proposed method enables novel optical concepts for both imaging and

non-imaging applications.

Section 2 presents a detailed overview of the proposed design method. Sections 3 and 4

demonstrate and verify the general design method with simulation results for both analytical and

numerical design examples, followed by conclusions in Section 5.

2. General design method for dynamic freeform optics

The proposed general technique combines the superposition and integration approaches outlined

in Section 1 to speed up and facilitate complex designs. Thin lens approximations and no air

gap between the freeform pairs are assumed in theory. The optical material is the same for both

boundary elements and the resulting freeform plates, but different materials may be used if the

respective refractive indices are considered. To simplify the calculations, the thickness variation

parameter illustrated in Fig. 2 as T(x, y), has been used [7].

Fig. 2. Illustrating the geometrical thickness and thickness variation of a double refractive

element.

The key inputs for the proposed method are two static designs representing the performance

boundaries, and the maximum lateral shift value (amax) between the freeform pairs. The

integration technique can be used to construct a dynamic system with plano-freeform plates if

static boundary elements have inverse optical thicknesses. As presented by Palusinski et al. in

[7], the optical path difference concept can be used to calculate the wavefront deformation of a

collimated beam passing through the shifting plates. The same notation is used here to avoid

confusion. The optical path difference imposed by each plate is:

OPD(x, y) = (n − 1)T(x, y), (1)

where n is the refractive index, T(x, y) is the thicknesses variation, and x and y are transverse

coordinates across the plane perpendicular to the optical axis, as shown in Fig. 2.

When two lenses with inverse optical thicknesses are each laterally displaced by distance a in

opposite directions along the x axis, as shown in Fig. 3, the resulting wavefront deformation is

given by:

W(x, y) = (n − 1)[T(x + a, y) − T(x − a, y)]. (2)

The wavefront deformation can be rewritten and simpliĄed as follows:

W(x, y) = 2a(n − 1)
[T(x + a, y) − T(x − a, y)]

2a
≈ 2a(n − 1)

∂T(x, y)

∂x
. (3)
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Fig. 3. (a) Design of dynamic freeforms from boundary elements with inverse thickness

variation. For an example Alvarez lens, ray tracing through (b) Ąrst boundary element and

dynamic system at maximum positive shift, and (c) second boundary element and dynamic

system as maximum negative shift.

The effective composite optical thickness of the two plates is thus given by:

TC(x, y) ≈ 2a
∂T(x, y)

∂x
. (4)

Equation (4) relates the composite optical thickness of two refractive plates with inverse surfaces

to the relative lateral shifts between them and the derivative of the optical thickness variation. For

design, the inverse problem starts from the composite optical thicknesses with maximum shift

values applied and derives through integration the required optical thicknesses of the freeform

elements needed for dynamic functionality. In the case of the simple Alvarez lens, then the

composite thickness is 2βa(x2
+ y2) and the thickness variation is β(x3/3+ xy2). A tilt term can

be added to the thickness variation as β(x3/3+ xy2)+Dx, where D is a weighting coefficient, to

minimize the thickness of the freeform plates without impacting the calculations [2,7].

The design approach described in [30Ű33] for dynamic beam shaping considers cases in

which the two boundaries do not have matching thicknesses but do have comparable functions

and surface prescriptions, and identifying intermediate static designs is possible. In this paper

we generalize existing methodologies to enable rapid dynamic designs that work between two

arbitrary optical conditions without the need for intermediate static designs.

To derive general formulas for dynamic freeform pairs, we Ąrst consider thickness variations

of two boundary elements TA(x, y) and TB(x, y) with no matching constraints. These two

boundaries are transformed into two intermediate elements using the average thickness variation,

as illustrated in Fig. 4. The thicknesses variation of the new elements, TA′(x, y) and TB′(x, y), are

then calculated as follows:

TA′ = TA − Tavg = TA −
(TA + TB)

2
= +

(TA − TB)

2
, (5)
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TB′ = TB − Tavg = TB −
(TA + TB)

2
= −

(TA − TB)

2
. (6)

Fig. 4. Moving from arbitrary static boundary designs to dynamic dual element system

using proposed method.

Equations (5), (6) show that the ŚnewŠ boundary elements have inverse thickness variations,

and thus the design problem can be solved using the integration approach discussed previously.

Thus, variable optical properties changing from TA′ to TB′ are achieved as opposite lateral shifts

are applied to a pair of freeform plates with the following optical thicknesses:

TF1′ = −TF2′ =
1

2amax

∫

TA′dx =
1

2amax

∫

TA − TB

2
dx, (7)

where amax is the magnitude of the maximum lateral shift applied to each dynamic plate in

opposite directions.

Finally, to transform back to the original design problem varying from TA(x, y) to TB(x, y), the

direct superposition concept is applied to add the initially extracted average optical thickness

back to the system. Therefore, the Ąnal optical thicknesses of the dynamic freeform plates are

given as follows:

TF1 = TF1′ +
Tavg

2
+ Dx = +

1

2amax

∫

TA − TB

2
dx +

TA + TB

4
+ Dx, (8)

TF2 = TF2′ +
Tavg

2
− Dx = −

1

2amax

∫

TA − TB

2
dx +

TA + TB

4
− Dx, (9)

where the Dx tilt term is added to minimize the thicknesses of the dynamic freeform plates. The

overall design process is illustrated graphically in Fig. 4.
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As a test, we apply the maximum shift amax to the dynamic freeform plates and check the

output wavefront as a superposition of wavefront deformations induced by each plate:

W(x, y) = (n − 1)[TF1(x + amax, y) + TF2(x − amax, y)]

= (n − 1)
[︂

1
2amax

∫

TA(x+amax,y)−TB(x+amax,y)
2

dx +
TA(x+amax,y)+TB(x+amax,y)

4

− 1
2amax

∫

TA(x−amax,y)−TB(x−amax,y)
2

dx +
TA(x−amax,y)+TB(x−amax,y)

4

]︂

= (n − 1)
[︁

1
2

∫

TA(x+amax,y)−TA(x−amax,y)
2a

dx − 1
2

∫

TB(x+amax,y)−TB(x−amax,y)
2a

dx

+
TA(x+amax,y)+TA(x−amax,y)

4
+

TB(x+amax,y)+TB(x−amax,y)
4

]︂

≈ (n − 1)
[︂

TA(x,y)
2

−
TB(x,y)

2
+

TA(x,y)
2
+

TB(x,y)
2

]︂

≈ (n − 1)TA(x, y) ≈ WA(x, y).

(10)

Thus, within the assumed approximations of thin-phase and zero-air gap, a maximum relative

shift in one direction creates the wavefront deformation of the Ąrst optical boundary condition,

WA(x, y). Analogous calculations for the maximum shift in the opposite direction creates the

wavefront deformation of the second optical boundary condition, WB(x, y).

While determining the exact error and optimizing the dynamic system for non-zero thickness is

more involved, optical design software can be used for further optimization to minimize the errors

based on the accuracy required in various applications. Similarly, the physical distance between

dynamic freeform pairs was neglected to simplify the calculations. To decrease this air gap in

real designs and to simplify optic manufacturing by lowering the surface depth modulation, it is

recommended to include a tilt factor in both freeform surfaces as discussed previously. We note

that the proposed design method may produce equivalent or dissimilar freeform plates depending

on the two boundary designs as presented in Eqs. (8), (9). Finding a tilt factor that minimizes the

sag is straightforward in the case of identical plates, but we recommend choosing a tilt factor that

minimizes both surface depth modulations concurrently for dissimilar plates.

While the processes and derivations discussed above are analytical in nature, the proposed

design methodology can be implemented either analytically or numerically. The analytical

approach is the logical choice if the boundary elements are readily deĄned by surface equations

that can be integrated analytically. However, if the boundary elements are produced numerically

and speciĄed in point clouds, a numerical implementation of the same procedures is desirable

alternative since it eliminates the need for curve Ątting the surfaces of the boundary elements.

Numerical methods are also advantageous when boundary surface equations are provided but the

integration of their difference is challenging or the acquired solution for the dynamic plates is

difficult to create analytically in optical software. However, further optimization of numerical

freeform surfaces may be more difficult. Both analytical and numerical implementations are

discussed and demonstrated in greater detail in the following sections using multiple design

examples.

3. Analytical design examples for dynamic freeform optics

In this section, the analytical implementation of the proposed general design method is demon-

strated through several examples. We assumed that the boundary elements and their corresponding

dynamic freeforms are constructed of identical materials. After deĄnition of the design parameters

and boundary elements for each example, the thickness variations for the dynamic freeform plates

are computed using the method of Section 2. The thickness variations can be related to surface

proĄles to model the optical elements in optical software. To ease the manufacturing process

and allow for smaller air gaps between freeform plates, the surface modulations are reduced by

applying the same linear tilt factor to each of the freeform surface equations. To ensure the same

clear aperture as the boundary elements in a dynamic system, an additional section equal to the

overall shift range must be added to each freeform plate, as illustrated in Fig. 5.
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Fig. 5. (a) Aperture geometry of a circular boundary element, and (b, c) corresponding

aperture geometry of resulting dynamic plates.

The Ąrst example demonstrates variable positive spherical optical power, the second illustrates

variable cylindrical power, and the Ąnal example generates a uniform circular irradiance pattern

from a Gaussian He-Ne laser and smoothly converts it to a uniform square-shaped irradiance

pattern. As discussed previously, the proposed method requires two static boundary designs and

the maximum lateral shift of dynamic freeform plates as the main inputs. The design process and

simulation results are presented for each example. The Ąrst two cases are simulated in LightTools

and the third is evaluated in VirtualLab Fusion.

3.1. Analytical example 1: Variable positive-spherical power lens system

For this example, we assumed polycarbonate (n= 1.59) as the design material and a 550 nm

design wavelength. The boundary elements have circular apertures with 4 mm diameters and

0.75 mm thicknesses. Unlike the traditional Alvarez lens, this design has positive power at a= 0

and for all values. Table 1 lists the input parameters and the resulting freeform surfaces calculated

using Eqs. (8), (9). The linear tilt term in the freeform plates is calculated using MATLAB to

minimize the overall sag along the freeform surfaces.

Table 1. Primary inputs and outputs of variable positive-power lens system example

Main inputs

First boundary element Flat with zero optical power, TA(x, y)= 0, PA = 0

Second boundary element TB(x, y) = −0.05(x2
+ y2),PB = 61 Diopter

Lateral shift range −0.4< a < +0.4 mm

Main outputs
First freeform plate TF1(x, y) = 0.03125( x3

3 + xy2) − 0.0125(x2
+ y2) − 0.0743x

Second freeform plate TF2(x, y) = −0.03125( x3

3 + xy2) − 0.0125(x2
+ y2) + 0.0743x

The boundary lenses and resulting dynamic design were modeled using LightTools, as

illustrated in Fig. 6. A 100 µm air gap was set between the freeform plates to ensure that they do

not contact during shifting. The dynamic freeform pair delivers variable positive optical power

(and focal length) between the boundary values, as shown in Fig. 7 and Visualization 1.

3.2. Analytical example 2: Variable cylindrical lens system

The second design example demonstrates a variable cylindrical lens system using the proposed

design method. The same general conĄguration and design parameters as in the Ąrst example

are used here, but with different boundary element surface equations and dynamic freeform

shift range, as shown in Table 2. As before, the equations of the dynamic freeform surfaces are

calculated using Eqs. (8), (9) and a linear tilt term added to reduce the depth modulation.

LightTools was again used to model boundary elements irradiated by a uniform disc source

with a diameter of 3 mm. Figure 8 shows the output irradiances of the simulated boundary

https://doi.org/10.6084/m9.figshare.19544173
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Fig. 6. Ray traces for (a) boundary elements vs. (b) dynamic freeform plates with maximum

lateral shifts applied for Ąrst analytical design example, and (c) thickness variations of

boundary and dynamic freeform elements.

Fig. 7. Optical power vs. lateral shift for variable positive-power lens system.

Table 2. Primary inputs and outputs of variable cylindrical lens system example

Main inputs

First boundary element TA(x, y) = −0.04x2

Second boundary element TB(x, y) = −0.04y2

Lateral shift range −0.5< a < +0.5 mm

Main outputs
First freeform plate TF1(x, y) = +0.02(xy2 − x3

3 ) − 0.01(x2
+ y2) + 0.0084x

Second freeform plate TF2(x, y) = −0.02(xy2 − x3

3 ) − 0.01(x2
+ y2) − 0.0084x

elements at 1 m distance. Figure 9 and Visualization 2 illustrate the change of output irradiance

with various shifts between the freeform plates.

3.3. Analytical example 3: Circular to square dynamic beam shaper

This design example develops a dynamic beam shaper that converts a circular Gaussian input

beam from a uniform circular output pattern to a uniform square output pattern. Static designs of

circular and square beam shapers presented in [49] were used to accelerate the design process.

As illustrated in Fig. 10, the Ąrst boundary element produces a uniform circular distribution,

and the second boundary element delivers a square shape of irradiance output from a Gaussian

incident beam. Table 3 lists the design parameters. The analytical design equations for each

boundary element are presented in Supplement 1.

https://doi.org/10.6084/m9.figshare.19544179
https://doi.org/10.6084/m9.figshare.19761913
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Fig. 8. Irradiance patterns at 1 m distance from a uniform collimated disc source after the

boundary elements of second analytical design example.

Fig. 9. (a, b) Freeform surfaces, and (c) irradiance patterns at 1 m distance from a uniform

collimated disc source after passing the tunable cylindrical-power lens system at different

lateral shifts.

Fig. 10. Boundary elements of the third analytical design example.
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Table 3. Input design parameters for dynamic beam shaper
example

Wavelength 632.8 nm

Input beam waist diameter 6 mm

Material (index) PMMA (n =1.49)

Target distance 150 mm

Boundary element diameters 12 mm

Boundary element thicknesses 2 mm

First boundary output beam diameter 5 mm

Second boundary output beam square side 5 mm

Lateral shift range of freeform pair −300< a < +300 µm

As before, the surface proĄles of the dynamic freeform plates are computed by Eqs. (8), (9)

using the boundary element proĄles and maximum shift range. The resulting freeform surface

equations are presented in Supplement 1. The resulting coefficients were then used to model the

dynamic freeform system in VirtualLab Fusion. as shown in Fig. 11. The surfaces in this design

example are much more complex than the Ąrst two cases, illustrating the power and Ćexibility of

the proposed general design method.

Fig. 11. Freeform surface geometries and simulated output irradiance patterns at 150 mm

distance from dynamic-pattern beam shaper on an 8-by-8 mm detector.

4. Numerical design examples for dynamic freeform optics

As discussed in Section 2, the general dynamic design method we propose can also be implemented

numerically for surfaces that are not conducive to analytical descriptions. The height maps of

boundary elements are represented as thickness variations, TA(x, y) and TB(x, y) using point

clouds for the calculation of the dynamic freeform pairs using Eqs. (8), (9) and numerical

integration methods. We note that, in the default numerical implementation, the sizes of the

dynamic plates will be the same as the boundary elements. Therefore, it may be useful to consider

larger boundary lenses if they are equation based, or to limit the aperture size in the dynamic

system to ensure rays are passing through both freeform plates and have proper functionality.

The maximum possible shift can be set initially based on the size of the boundary elements and

then modiĄed during the design process as the optical performance of the dynamic system is

evaluated.

https://doi.org/10.6084/m9.figshare.19761913
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The trapezoidal rule is a common method of performing numerical integration [50]. We

developed a custom MATLAB code to accelerate the design process. To simplify the calculations,

we reduced the integration dimension from 3D to 2D by discretizing the function along the Y axis

and moving from XYZ space to XZ planes, as illustrated in Fig. 12. The cumulative integration

for x with respect to zero was used at each XZ plane using the MATLAB ŞCumtrapzŤ function.

The accuracy of the numerical integration can be improved by increasing the number of surface

points, but at the cost of increased computation time.

Fig. 12. Numerical integration approach applying the trapezoidal rule for proposed freeform

design method.

In this section we present three design examples solved using numerical methods. In the Ąrst

example, we repeat the design of the variable positive-spherical power lens system from Section 3

using the numerical method and compare the outcomes. The second example considers a square

to hexagonal dynamic pattern generator. The third example demonstrates the Ćexibility of the

general approach through a dynamic pattern generator that we believe would be impractical (or

impossible) to implement with currently available analytical methods.

4.1. Numerical example 1: Variable positive-spherical power lens system

The boundary lenses for this design example are built from the Ąrst analytical example, as listed

in Table 1. The point clouds of boundary lenses were generated in MATLAB with 0.05 mm

resolution. By taking the thickness variation of the surface points and a maximum shift of 0.4 mm,

dynamic freeform surface points were numerically generated in MATLAB using Eqs. (8), (9).

We utilized the numerical integration approach discussed above. The MATLAB code was

linked to LightTools to speed up analysis of the systemŠptical performance. Figure 13 illustrates

construction of the desired freeform plate geometry in LightTools to match the geometry of the

Ąrst analytical example.

Fig. 13. (a) Constructing the freeform base plate in LightTools from MATLAB point cloud;

(b) 3D model of freeform base, (c) intersecting freeform base with desired aperture geometry,

(d) freeform plate with desired oval-shaped geometry, (e) 3D model of dynamic freeform

system for Ąrst numerical example.
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The optical power of the dynamic system was determined as the inverse of the back focal

length at different lateral shifts using a parameter analyzer in LightTools. The results obtained

are in excellent agreement with the analytic results shown in Fig. 7. Table 4 compares the values

obtained using the analytic and numerical approaches. The differences increase slightly as the

lateral shift is increased from zero to the maximum positive shift. In the case of maximum

positive shift, the focal point expands to inĄnity, making the system extremely sensitive to lateral

shift and resulting in a larger difference.

Table 4. Optical power vs lateral shift for variable positive-power lens system

Design method

Lateral shift, a (mm)
0.399a 0.3 0.2 0.1 0 −0.1 −0.2 −0.3 −0.4

Power-Analytic (Diopters) 0.51 7.4 14.8 22.4 29.9 37.6 45.3 53.1 61.0

Power-Numerical (Diopters) 0.52 7.6 15.0 22.6 30.2 37.8 45.6 53.4 61.4

% Difference 1.9 2.7 1.3 0.9 0.7 0.7 0.6 0.6 0.7

aThe focal point at 0.4 mm lateral shift goes to inĄnity, so we considered a slightly smaller shift value

4.2. Numerical example 2: Simple dynamic pattern generator

Different numerical approaches to designing freeform lenses that allows for the generation of

prescribed light distributions in illumination systems have recently been reviewed in the literature

[34]. Recent advances in optical software also facilitate the numerically design of refractive

elements to map the input light to a prescribed output light distribution. To this end, we used

the LightTools Freeform Design module to create the boundary elements needed for this design

example assuming the uniform plane wave source. In this example, we demonstrate the proposed

numerical design method for a dynamic pattern generator changing the irradiance distribution

between square and hexagonal target patterns.

The mesh grids of the resulting freeform surfaces were adjusted to uniform XY grids for

compatibility with custom MATLAB code developed to calculate the thickness variations of

dynamic freeform plates. The boundary elements are 5× 5 mm with 0.75 mm thickness and a

4× 4 mm uniform source. The design material and design wavelength are PMMA and 550 nm,

respectively. The two boundary elements constructed in LightTools and the resulting illumination

patterns 2 m from the Ąrst element interface are shown in Fig. 14.

Fig. 14. Boundary elements of dynamic pattern generator producing (a) square, and (b)

hexagonal patterns.

As in the previous example, the MATLAB code was linked to LightTools to import the surface

height maps from the two boundary elements to accelerate the dynamic design process. Dynamic

freeform point clouds were numerically calculated in MATLAB considering 200 by 200 mesh

grids over the 5× 5 mm mesh extent following Eqs. (8), (9) with a maximum shift of 0.2 mm. The

resulting points were transferred to LightTools for optical performance evaluation as illustrated

in Fig. 15 and Visualization 3. The aperture size and thicknesses of the freeform plates were

https://doi.org/10.6084/m9.figshare.19544182


Research Article Vol. 30, No. 11 / 23 May 2022 / Optics Express 19986

assumed to be the same as the boundary elements. A 500 µm air gap was set between the freeform

plates to avoid collision during shifting.

Fig. 15. Dynamic pattern generator varying from square to hexagonal pattern with applied

lateral shift.

4.3. Numerical example 3: Complex dynamic pattern generator

The results obtained from the previous example could arguably be achieved using analytic

representations of the target patterns. For this reason, we repeated the process with the same

design parameters but for signiĄcantly more complex target patterns that are not feasible to

represent in analytic form. The two boundary elements were again constructed using the

LightTools Freeform Design module assuming uniform plane wave sources. The target patterns

and resulting illumination patterns are shown in Fig. 16. The resulting dynamic system

performance between the two boundaries is shown in Fig. 17 and Visualization 4. These results

demonstrate the utility of the proposed general design method for dynamic freeform optical

systems and show the potential for novel applications.

Fig. 16. (a) First and (b) second boundary elements and performance for complex

illumination patterns.

https://doi.org/10.6084/m9.figshare.19544191
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Fig. 17. Dynamic pattern generator varying between two complex illumination patterns

with applied lateral shift.

5. Conclusions

We have presented accessible dynamic freeform design techniques for refractive two-element

system that allows for varying optical performance between two deĄned boundary conditions.

Similar to the Alvarez lens, pairs of plano-freeform elements are subjected to small, relative

lateral shifts in opposing directions. The surface prescriptions of the boundary lenses, as well

as the maximum desired shift between freeform plates, serve as the primary design inputs.

This approach has advantages over prior methods in that it is not restricted to boundaries with

similar optical functions and may be used to create a broad variety of challenging dynamic

functions for both imaging and non-imaging applications. Depending on the characteristics of the

boundary elements, this generalized technique can be implemented analytically or numerically.

The analytical method is preferable if the boundary elements are easily speciĄed using integrable

surface equations without the need for surface Ątting. Numerical approaches are useful when

surface Ątting would otherwise be required, and when boundary surface equations are available

but problematic to integrated or to otherwise implement in optical software.

This general method was investigated and validated through multiple analytical and numerical

design examples. The dynamic freeform systems utilized in the design examples were computed

in MATLAB using the general formula reported in this paper and their optical performance was

determined using commercial optical design tools. The simulation results for all design examples

are quite promising, even though no additional optical system adjustments or optimizations were

performed. We note that that the dynamic beam shaper example designed using the analytical

approach and the dynamic pattern generator designed using the numerical approach would be

difficult or impossible to create with previously available design approaches, demonstrating the

utility of the proposed method.
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