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Elastomeric lenses with tunable astigmatism

Peter Liebetraut, Sebastian Petsch, Jens Liebeskind and Hans Zappe

Microlenses fabricated using flexible elastomers can be tuned in focal length by application of controlled strain. By varying the strain
azimuthally, the lenses may be deformed asymmetrically such that aberrations may be controlled. This approach is used to tune the
astigmatism of the tunable lenses, and it is shown that the generated wavefront may be accurately controlled. The lens presented here
has an initial focal length of 32.6 mm and a tuning range of +2.3 mm for approximately 10% applied strain. The range of directly
tunable Zernike polynomials representing astigmatism is about 3 pm, while the secondary lens errors, which cannot be tuned directly,

vary only by about 0.2 pm.
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INTRODUCTION

A broad spectrum of tunable micro-optical components using a wide
variety of physical effects has been proposed and demonstrated." One
approach with considerable potential is the mechanical deformation of
microlenses entirely made of flexible elastomers: by controlled applica-
tion of radial strain, resulting in a change in lens curvature, it has been
shown that the focal length can be tuned over a considerable range.>”

To date, strain has only been applied symmetrically around these
tunable elastomeric lenses, such that only refractive power (focal
length), but not other optical properties, have been tuned. A number
of other tunable devices have considered the astigmatism. For example,
Beadie et al.* presented a tunable composite lens, one part being a fixed
focal length lens made of poly(methylmetacrylate) and the tunable part
using a membrane with a poly(dimethylsiloxane) (PDMS) elastomer as
a filling; the surface profiles showed an inherent astigmatism.

Alternatively, singlet polymer lenses with thermal actuation have been
reported by Lee et al.’ By choosing an anisotropic heater structure, Lee
et al. were able to tune astigmatism along one axis, while the other axis
remains fixed. A more versatile approach with a combination of several
membrane lenses was pursued by Marks et al.’ Here two perpendicularly
oriented cylindrical lenses provide variable astigmatism, whose total
focus is compensated with a rotational symmetric membrane lens.

We show here that application of azimuthally varying strain to a
deformable elastomer lens can result in controlled variation of aberra-
tions, particularly astigmatism. As a result, the microlens is not only
tunable in focal length, but the concomitant aberrations can be
increased or decreased at will.

MATERIALS AND METHODS

Lens design and concept

The use of deformable elastomers for realizing strain-tunable
lenses has been shown previously.” Using the same approach, an

equiconvex lens with identical radii of curvature (|R|=25.84 mm)
was fabricated using a flexible, transparent elastomer (PDMS,
SE 1740; Dow Corning Corp., Midland, MI, USA). In the
unstrained, relaxed state, the resulting lens yields a focal length
of 32.6 mm for a refractive index of nppys=1.41,* which corre-
sponds to a numeric aperture of NA=0.24 (f#=2.0, free aperture,
ap=16 mm, diameter, d=20 mm).

As shown in Figure 1, eight mechanical anchors were embedded in
opposing pairs at the periphery of the lens. Application of an out-
wardly oriented force in the plane of the lens then results in strain-
induced deformation. The Poisson’s ratio of PDMS rubbers is
approximately 0.5,” and due to conservation of the lens volume, the
radius of curvature decreases for increasing tensile strain and thus the
focal length increases. This actuation concept is analogous to that of
the mammalian eye, in which the ciliary muscle applies a radial force to
the crystal lens via the zonular fibers.®

In contrast to the azimuthally symmetric actuation of the mam-
malian eye and also to membrane lenses, the latter actuated by pres-
sure, the use of eight individual actuators allows asymmetric
deformation of the lens along four independent axes (a process to
which we will refer as vectored actuation). Actuation along fewer than
all axes will reduce the overall symmetry of the lens and allows us to
tune specific wavefront errors.

As is usually done, we characterize the wavefront generated by
the lens by Zernike polynomials, a set of orthonormal functions.’
We focus here on the symmetry of the Zernike polynomials and the
impact of vectored actuation on specific wavefront aberrations.
While the actuation is asymmetric, the pupil remains circular
and Zernike polynomials can be applied to describe wavefront
aberrations.

We follow the definition given by Gross'® for the Zernike polyno-
mials, namely,
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Figure 1 (a) Schematic representation of the lens showing the anchors and the
basic lens symmetry; (b) example of actuation along one axis (dashed line) where
Feq represents the radial force necessary to tune the lens and F is the restoring
elastic force of the polymer; (c) numbering of the actuators and labeling of the
axes as used in this paper; (d) photograph of the fabricated lens including the
actuators.

sin(me) for m>0
Zy (p,0)=R7(p) S cos(me) for m<0 (1)
1 for m=0

where 1 denotes the radial order, m denotes the azimuthal order and p
is the pupil radius over a unit pupil 0 < p < 1. We use the polar coord-
inate system in a strict mathematical sense, where ¢ increases when
rotating counterclockwise starting from the x-axis, which is also the
system used by the wavefront sensor we employ below in the section
on ‘Optical metrology’.

This wavefront description is useful since, if the actuation symmetry
is congruent with the symmetry of a Zernike polynomial, only that
particular wavefront aberration will be tuned. For example, actuating
axis III tunes the Zernike polynomial ASTO, as seen in Figure 2b.

An additional important property of Zernike polynomials is the
presence of nodal lines, which come in two types: straight and circular.
Straight nodal lines prevent crosstalk between actuation axes. The
nodal lines correspond to neutral fibers in a mechanical model and
enable the vectored actuation of a tunable elastomeric lens to address
specific wavefront aberrations independently from others as long as
their symmetries match. Conversely, wavefront aberrations which
exclusively posses circular nodal lines will be influenced by all actu-
ation axes in the same manner, as we will see in the section on ‘Results
and discussion’.

In summary, vectored actuation will allow a controlled deformation
of the elastomeric lens and thus a controlled change of the resulting
wavefront. Pseudo-radially symmetric actuation (actuating all
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Figure 2 Representation of selected wavefront errors as height maps over a pupil
of unit size. The arrows represent vectored actuation in different directions: (a) all
axes (leading to defocus, DEFOC); (b) along axis /// (y-axis, leading to negative
astigmatism ASTO); (c) along axis /V(135°angle, leading to negative AST45); (d)
joint actuation of axes /and /Il (x- and y-axis, leading to increased TF1).

anchors at once) may be used to influence radially symmetric wave-
front aberrations such as defocus and spherical aberration and ‘asym-
metric’ actuation can be used to control astigmatism. We will see how
this is achieved below.

Fabrication

A reaction injection molding process is used to fabricate the biconvex
elastomeric PDMS lenses. Figure 3 illustrates how the lens is produced
by replica molding using commercially available planoconcave glass
lenses (Edmund Optics GmbH, Karlsruhe, Germany) as molds. These
master lenses have a semidiameter of d=10 mm and radius of cur-
vature of |[R|=25.84 mm. Prior to first use, these glass lenses are coated
with a thin (0.3-3 pum) layer of poly(p-xylylene) (parylene) to prevent
adhesion of the PDMS during the molding process. The parylene-
coated lenses may be reused 5-10 times in further molding processes,
before the parylene protection layer wears out. A poly(tetrafluorethy-
lene) mount provides an intermediate spacer layer and is also used to
fix and align the eight pairwise diametrically opposed aluminum
anchors. These anchors are fabricated by precision milling with
dimensions of approximately 2X5X8 mm?; the inner surface of the
anchors facing the lens body has an area of 10 mm?.

Figure 3 Fabrication of the elastomeric biconvex lens. (a) A concave glass lens
defines the mold shape; (b) the glass lens coated with a thin layer of parylene; (c)
insertion of the first master lens and alignment of the metallic anchors using a
PTFE spacer; (d) the mold sealed with the second glass lens; (e) injection of the
PDMS precusor with subsequent curing; (f) demolding of the final lens. PDMS,
poly(dimethylsiloxane); PTFE, poly(tetrafluorethylene).
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After sealing the mold, the PDMS precursor (SE1740) is injected
with a syringe and subsequently cured in an oven for 90 min at 90 C.
The mold is then allowed to slowly cool to room temperature and the
elastomeric lens can then easily be demolded. The shrinking of the
polymer during curing due to thermal contraction is less than 1%, in
agreement with Lee et al."'

Optical metrology

The wavefronts resulting from the lenses were measured at a wave-
length of =633 nm using the experimental set-up depicted in
Figure 4. The light from the laser source passes a 1: 1 non-polarizing
beam splitter and is then coupled into two single-mode fibers,
which concomitantly provide spatial filtering of the light source.
After collimation, one arm of the system provides the reference
wavefront (the lower part of Figure 4) and the second arm provides
the illumination for the lens under test. The light of the reference
arm used to calibrate the wavefront sensor can be blocked by a
shutter during the experiment.

In the measurement arm (the upper part of Figure 4), a microscope
objective (M Plan Apo 10X, f=200 mm, NA=0.28; Mitutoyo,
Kawasaki, Japan) is used to focus the measurement beam, yielding
collimated output after the lens under test. The objective is mounted
on a motorized linear stage (M-531 with linear encoder; Physik
Instrumente GmbH, Karlsruhe, Germany) to allow compensation
for the change in refractive power (focal length) of the tunable elasto-
meric lens by translating the microscope objective along the optical
axis (vertical in Figure 4) during measurement. The tuning range of
the adaptive lens can be obtained directly by measuring the translation
of the objective for zero defocus contribution to the wavefront overall
error, as we will see in Figure 7.

After recombination of reference arm and test arm using a beam
splitter, an afocal image relay optical system is used to project the
exit pupil of the lens under test onto the entrance pupil of a Shack-
Hartmann wavefront sensor (WaveScope; Adaptive Optics Associates
Inc., Cambridge, MA, USA). The image relay optics is a Keplerian
telescope with an overall magnification of 1.25X (f;=200 mm and
£=250 mm, both Fraunhofer doublets; Qioptiq Linos GmbH & Co.
KG, Gottingen, Germany).

The wavefront error was then determined by acquiring the first 36
Zernike polynomials (the sixth order, both radial and azimuthal) from
the Shack-Hartmann sensor. The zeroth order of the Zernike polyno-
mials (piston) and the first order terms representing the lens tilt (tilt x,
tilt y) were ignored, while the defocus term was used to accurately

t Microscope
objective

Lens under test
Laser

633nm l :(]><] E

. Shuttel_l Image relay optics

Figure 4 Sketch of the optical measurement set-up with illumination beam path.
A laser light source passes a beam splitter and is coupled into two fibers, provid-
ing the reference beam and the illumination beam for the tunable lens. A micro-
scope objective is used to generate a collimated beam after the lens under test.
Finally, the exit pupil of the lens under test is projected onto the entrance pupil of a
SHS using an afocal image relay optical system. SHS, Shack-Hartmann sensor.

SHS

doi:10.1038/Isa.2013.54

Elastomeric lenses with tunable astigmatism
P Liebetraut et al

position the microscope objective along the optical axis within an
error in the defocus Zernike coefficient (DEFOC in Figure 2) of
£=0.05 pm, approximately 4/12. Monitoring defocus served two func-
tions: firstly, to keep the Shack-Hartmann sensor within the specified
dynamic range and hence prevent crosstalk between the subapertures;
and secondly, to determine a measure of the focal length tuning range
of the lens under test from the position of the stage holding the micro-
scope objective.

RESULTS AND DISCUSSION

Elastomeric lens in the relaxed state

Prior to any tuning experiments, we used the set-up described above to
evaluate the quality of the fabricated elastomer lenses in a comparative
measurement with commercial fixed focal length glass lenses. Since
neither curvature nor focal length of commercially available glass
lenses can be exactly matched with the PDMS lenses, we provide as
close a comparison as possible by selecting lenses with similar curva-
tures and focal lengths and using the same aperture diameter (8 mm).

Figure 5 compares the measured wavefront errors for three different
kinds of lenses: (i) the equiconvex elastomeric lens after demolding
(f=32.6 mm, |R|=25.84 mm); (ii) the elastomeric lens in its relaxed,
i.e., unactuated but mounted state; (iii) a fixed-focus, equiconvex
singlet glass lens (LB1761, f=25.4 mm, |R|=24.5 mm; Thorlabs Inc.,
Newton, NJ, USA); and (iv) a fixed-focus glass achromatic doublet
(G052009000, =35 mm; Qioptiq Linos GmbH & Co. KG, Géttingen,
Germany).

The singlet glass reference lens was chosen to provide a reference
with a similar radius of curvature as that of the symmetric biconvex
elastomeric lens (|Rglass|=24.5 mm vs. |Rppms|=24.8 mm). Both
lenses are of comparable thickness and no observable sagging of the
elastomeric lens occurred during measurement. The achromatic lens
was selected as an aberration-corrected reference, since achromatic
lenses are by definition corrected for longitudinal chromatic aber-
ration as well as for spherical aberration. All measurements were con-
ducted with an aperture diameter of 8 mm.

From Figure 5, it can be clearly seen that the overall wavefront
aberrations of the unactuated elastomeric lens are comparable to those
of the commercial singlet glass lens. Both suffer—as expected for
spherical singlet lenses—from spherical aberration (SPHA) and show
almost equal amounts of astigmatism (ASTO and AST45).

Figure 5 also shows the higher-order Zernike coefficients represent-
ing the tetrafoil wavefront aberration, whose symmetry corresponds to
that of the buried anchors. The value of this aberration in the
demolded elastomeric lens is also similar to that present in the re-
ference singlet glass lens (cf. Figure 5a and 5¢).

Comparing the relaxed and mounted elastomeric lenses in
Figure 5a and 5b, one can see that the TF1 error is increased when
the lens is mounted (Figure 5b); this increase indicates that the lens is
slightly pre-stressed and originates from the calibration procedure
described below in the section on ‘Actuator calibration’. We see from
these results that reaction injection molding is a suitable manufactur-
ing process for solid elastomeric lenses, as neither the fabrication
process nor embedding the anchors introduces significant wavefront
errors.

Tuned elastomeric lens

Actuator calibration. Vectored actuation relies on strain applied
radially to the lens using the eight embedded anchors. Strain is applied
to these anchors using eight motors as actuators, as seen in Figure 1b.
Before measurement, these actuators were calibrated and aligned lat-
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Figure 5 Comparison of wavefront aberrations for the polymer lens and fixed focal length glass lenses. (a) The elastomeric lens (f=32.6 mm, |R|=25.8 mm) after
demolding; (b) the elastomeric lens in its relaxed state; (¢) an equiconvex singlet glass lens (f=25.4 mm, |R|=24.5 mm); (d) an achromatic doublet lens (=35 mm).
All measurements were conducted with an aperture diameter of 8 mm. The inset boxes show the overall wavefront aberration of the respective lens in um. PV, peak

valley; RMS, root mean square.

erally such that the optical axis of the lens coincides with the optical
axis of the illumination beam. Subsequently, the motors were actuated
consecutively while observing the coefficient for the DEFOC wave-
front aberration. The initial state of the lens was then defined to be at
the point at which the coefficient began to change when actuating a
single motor.

Tunable astigmatism. We first discuss the influence of the applied
strain on the Zernike polynomials for astigmatism (AST0 and AST45)
when actuating with congruent symmetry. Figure 6 shows measure-
ment results for actuating the elastomeric lens along the axes I and IIT
corresponding to the x and y axes in a Cartesian coordinate system.
Deforming the lens along its x-axis results in an increasing Zernike
coefficient for ASTO (Figure 6a), while straining the lens parallel to its
y-axis causes the same coefficient to decrease (Figure 6b). The absolute
values of this change in the ASTO coefficient are approximately the
same, as summarized in Table 1; in this table, ‘slope’ refers to the
change in the Zernike coefficient (in micrometers) for unit strain
defined as the ratio of the elongation Aa to the initial free aperture
ao. This theoretical prediction of subsection: Lens design and concept
is clearly confirmed by the experimental data in Figure 6a and 6b: the
ASTO coefficient evolves linearly with the applied strain, its sign
depending on the axis on which the strain is applied.

If, in contrast, two orthogonal axes are actuated simultaneously, the
effect of one axis on the ASTO0 polynomial is canceled out by the other.
Straining the lens on both orthogonal axes simultaneously will there-
fore result in a negligible change in astigmatism for x—y direction
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(ASTO) as can be seen in Figure 6¢ and Table 1. The experimental
results shown in Figure 6¢ distinctly support the prediction of subsec-
tion: Lens design and concept that straining two orthogonally oriented
axes (in the Zernike sense) will not tune the Zernike polynomial cor-
responding to that symmetry.

It was also shown in Figure 6 that the ASTO astigmatism can be
tuned independently from AST45 astigmatism as expected from the
location of the nodal lines and the congruence of the symmetry of the
wavefront aberration and actuation symmetry. Although Zernike
polynomials have been conceived to be orthonormal, axes II and IV
are not so with respect to the main axes, I and II], in the reference
coordinate system. Actuating the elastomeric lens along axis I, how-
ever, will only tune the wavefront error represented by the Zernike
polynomial ASTO, but will leave the coefficient AST45 unchanged, as
can be seen in Figure 6d.

The same holds true for actuation along any other axis of the pre-
sented lens, or for simultaneous actuation of the two perpendicular
axes I and III in Cartesian space: the AST45 coefficient does not
change. This characteristic results from the elastic properties of the
lens, since the axes themselves are not linearly independent. The
absence of crosstalk between actuation axes can also be observed for
wavefront aberrations with higher azimuthal frequency like TF1 and
TF2 in Table 1, and emphasizes the unique properties of the solid body
elastomeric lens.

Focal length tuning. The unstrained focal length of the elastomeric
lens was determined to be 32.220.8 mm, which fits well to the theo-
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Figure 6 Evolution of Zernike coefficients for ASTO and AST45 while straining the elastomeric lens along the axes /and //1, respectively (Figure 1). The resulting strain
along that axis is plotted on the abscissa of the subfigures; the applied strain increases by 0.43% with each bar plotted. The red error markers at the end of the bars
represent statistical errors of each wavefront measurement. The purple dashed lines in subfigures (a) and (b) depict linear curve fits.

retical value of 32.6 mm calculated from lens curvature and refractive
index, providing the unstrained value for focal length in Figure 7. The
focal length was then tuned by applying vectored strain to the elasto-
meric lens along four different axes I-IV. The expected linear relation-
ship between the applied strain and the focal length of the lens is shown
in Figure 7 and Table 2. We find an overall tuning range of 2.4 mm
corresponding to Af,q=Aflfy=7% for joint actuation of all axes of the
lens.

Actuating a single axis will reduce the tuning range to approxi-
mately one fourth of that value (0.6 mm), which also reveals that
straining the lens along all four axes simultaneously does not exceed
the linear regime of the polymer elasticity: when we superpose the

Table 1 Tuning ranges of wavefront aberrations for the elastomeric
lens

Zernike

coeff. Actuation axis Slope (um strain ™) Intercept (um)
ASTO / 25.06+0.43 0.04+0.03
ASTO 1 —26.26=0.30 0.09=0.02
ASTO 1 1.39+0.13 0.04+0.01
ASTO v —1.57=0.09 0.04=0.01
AST45 / -0.14+0.18 —0.01+0.01
AST45 1 0.48=0.16 0.04=0.01
AST45 1 25.26+0.38 —0.07+0.02
AST45 v —23.17=0.33 0.04=0.02
COMA X / 0.25%0.02 —0.331+0.001
COMAY / 0.72+0.03 —0.138+0.002
SPHA / -0.41+0.01 0.363+0.001
SPHA 1& & & IV —1.63+0.03 0.360+0.003
TF1 / 3.58+0.06 0.342+0.004
TF1 1 —3.76+0.06 0.252+0.003
TF1 1& & & IV -1.05x0.11 0.260+0.007
TF2 / 0.17%0.02 0.043+0.001
TF2 1 —0.18+0.02 0.017+0.001

Abbrevaiton: SPHA, spherical aberration.
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focal length tuning length of each individual axis (gray dashed line),
we find only a negligible deviation from all-symmetric actuation (red
circles in Figure 7). Any deviation from linear strain behavior of the
lens would have manifested itself in non-overlapping curves.

It should be mentioned that the polymer was strained under quasi-
static conditions; no viscous contributions had to be considered and,
since the polymer is strictly crosslinked (a gel), no creep occurs. As a
result, the polymer lens exhibits a focus stable with time. The respon-
siveness of the lens tuning depends primarily on the speed of the
actuators. The time to get to a set focal length takes a few seconds
which is due to the control loop of the actuators.

No birefringence was observed inside the free aperture while strain-
ing the elastomeric lens. Some weak strain-induced birefringence was
noticed close to the embedded anchors, but due to the high flexibility
of the siloxane, the birefringence does not encroach on the free aper-
ture. Straining the lens thus has no negative effect on its optical per-
formance.

Discussion

The tunability of the primary lens aberrations, predominantly astig-
matism, is summarized for various actuation configurations in Table 1
and Figure 6. From these characteristics, we see that the tetrafoil error
(TF1) is almost not affected if all axes, I-IV, are actuated at once,
because—as was shown in Figure 6 for ASTO—the effects cancel if

Table 2 Tuning ranges of focal length for the elastomeric lens

Actuation axis Slope (mm strain 1) Intercept (mm) Tuning (mm)
! 4.72+0.09 32.61+0.01 0.48
1 6.31=0.08 32.60+0.01 0.60
1 5.27+0.09 32.61+0.01 0.54
v 5.66x0.14 32.63+0.01 0.57
1& & I& IV 23.33%x0.25 32.56+0.01 2.35
1+ 1+ 11+ 1V 21.79+0.39 32.61+0.01 2.20

[&)]
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Figure 7 Measurement results of focal length tuning range by applying vectored
strain to the elastomeric lens along four different axes /~/V (individually, jointly
and the sum of each individual axis), as introduced in Figure 1c. For each strain
value, the Zernike coefficient for defocus was adjusted to zero by moving the
microscope objective (Figure 4).

orthogonal axes are actuated simultaneously. As the behavior of the
TF1 wavefront aberration shows, the actuation axes do not necessarily
have to be perpendicular as it was the case for the ASTO and AST45
pair; the actuation symmetry must just be congruent with the sym-
metry of the desired wavefront aberration.

We note that not all wavefront aberrations can be arbitrarily tuned.
For example, for all-axes actuation, the slope for the SPHA will be four
times as large as that shown in Table 1 for single axis actuation alone.
However, SPHA will always be tuned by actuation along any axis due
to its completely rotational symmetry. Actuating all axes at once will
also lead to an increase of wavefront aberrations with eightfold azi-
muthal frequency, which unfortunately cannot be resolved by the
employed wavefront sensor.

Finally, we see that the tuning magnitude of a specific aberration
exceeds that of the non-actuated and orthonormal aberrations by
factors of between 20 and 100. Aberrations such as coma are easily
introduced by lens tilt and cannot be completely avoided in the set-up
used. Even though the magnitude of coma, for example, is larger than
that of astigmatism, its variation due to actuation is almost a factor of
100 (COMA X) or 35 (COMA Y) smaller than that of the directly
tuned ASTO and AST45, comparable to the almost negligible crosstalk
between ASTO0 and AST45, which arises when non-congruent axes are
used for actuation.

CONCLUSION
We have shown that an elastomeric lens can be deformed by vectored
actuation to selectively tune specific wavefront aberrations in addition
to allowing focal length tuning over a significant range. Elastomeric
lenses thus differ significantly from pressure-actuated membrane
lenses, since the latter will need at least three membranes to tune,
for example, focal length and astigmatism.®

Furthermore, elastomeric lenses benefit from a well-defined optical
surface even in the unstrained state, in contrast to liquid lenses, where
the surface is shaped by an equilibrium of surface tension and gravity,
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and membrane-type lenses, where the membrane must be significantly
distended to achieve short focal lengths. Finally, gravitational sagging
(introducing coma as a dominant wavefront error), which is an issue
for many membrane lenses, does not occur with these bulk elastomeric
lenses.

Many of the advantages of the tunable elastomeric lenses mentioned
above suggest their applicability to a range of applications. The well-
defined optical surface in the non-actuated state, for example, implies
that they may be used in autofocus systems; the tuning range required
to achieve focus in camera systems is small and that range is easily
accomplished with solid elastomeric lenses. Alternatively, vectored
actuation and the manipulation of astigmatism could be directly
applied to laser beam shaping, for example, to compensate for thermal
drift in the laser cavity which results in a non-uniform irradiation
distribution. Furthermore, in ophthalmology, tunable elastomeric
lenses lend themselves to the realization of an adaptive phoropter
for characterization of astigmatism in the patient’s vision; a single
elastomeric lens could perform this function, whereas fluidic- or
membrane-based lenses would require a stack of three individual
lenses. Finally, since the form of the relaxed lens is defined by the mold
and can be chosen arbitrarily, a combination of two lenses with tun-
able astigmatism could be applied to adaptive anamorphic imaging,
using elastomeric lenses with a strong cylindric preference in one axis.
These examples illustrate only a few of the possible applications of
these lenses in adaptive optics.
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