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Mechanical deformation has recently emerged as a promising platform to realize optical devices with
tunable response. While most studies to date have focused on the tuning of the focal length, here we use a
combination of experiments and analyses to show that an applied tensile strain can also largely reduce
spherical aberration. We first demonstrate the concept for a cylindrical elastomeric lens and then show that
it is robust and valid over a range of geometries and material properties. As such, our study suggests that
large mechanical deformations may provide a simple route to achieve the complex profiles required to
minimize aberration and realize lenses capable of producing images of superior quality.
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From programmable flexible metamaterials [1-5] and
self-regulating fluidics [6,7] to smart drug delivery systems
[8-11] and scaffolds for tissue engineering [12,13], soft
materials have enabled the design of a wide range of
functional structures with tunable response. In particular,
inspired by the crystalline lens and ciliary muscle of the
human eye, intense efforts have been devoted to the design
of optical lenses with adjustable focus. To realize these
tunable optical systems several strategies have been pur-
sued. On the one hand, it has been shown that the focus can
be tuned by varying the pressure of fluid enclosed by a lens-
shaped flexible chamber [14—18]. On the other hand, fully
solid lenses capable of focal adjustment have been realized
by mechanically or electrically stretching soft membranes
[19-27]. However, despite the fact that the quality of the
images produced by the lenses is affected by many optical
properties, including spherical aberration, tilt, coma, and
distortion, these design strategies predominantly consider
focal point adaptation [19-27] and to a limited extent other
optical properties such as astigmatism [25-27] and spheri-
cal aberration [28]. In particular, though spherical aberra-
tion has been shown to reduce in thin lenses upon bending
[28], the effect of other elastic deformations on this
important optical property has not been explored yet.

In this Letter, we show that by pulling an elastomeric
biconvex lens we not only alter its focal length, but can also
largely reduce its spherical aberration. While in the
undeformed configuration our elastomeric lens exhibits
spherical aberration—as it fails to focus all monochromatic
rays to the same point [see Fig. 1(a)]—we find that a critical
applied strain exists for which aberration is largely reduced
[see Fig. 1(b)]. We first use a combination of experiments
and analysis to demonstrate the concept on a cylindrical
lens and then show that the same strategy can also be
extended to spherical lenses. As such, our results indicate
that nonlinear deformations may provide an effective
pathway to realize the complex surface profiles required
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for aberration-free lenses starting from simple and easy to
manufacture shapes.

We consider a cylindrical biconvex lens formed through
the intersection of two cylinders of radius R, and R; and
center-to-center distance Ax that are aligned along the z
axis. Such a lens has a thickness t = R, + R; — Ax and
height 24, as it is truncated by two xz planes located at a
distance i from the symmetry plane [see Fig. 1(c)]. Further,
it is made of an elastomeric material and is stretched by
applying a y displacement v to its top nonrefracting
boundary (while fixing the bottom one). We first conduct
finite element (FE) analyses within the open-source library
Firedrake [29] to investigate the deformation of such soft
lenses. We assume plain strain conditions and use higher
order quadratic boundary conforming elements to mitigate
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FIG. 1. Harnessing mechanical deformation to reduce spherical
aberration in soft lenses. (a),(b) Schematic of a soft lens (a) in its
undeformed and (b) stretched configuration. When the lens is at
rest, it exhibits spherical aberration as the rays do not converge to
a single point. In the stretched configuration not only the focal
length increases but also the spherical aberration may be largely
reduced. (c) Schematic of the cylindrical biconvex lens consid-
ered in this study.
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mesh discretization errors of the surfaces. Moreover, we
capture the material response with a compressible neo-
Hookean model with strain energy density W given by

uv
1-2v

¥ = S [r(FTF) = 3] - udet(F) + - log(det F. (1)
where F is the deformation gradient, g is the shear
modulus, and v is the Poisson ratio (see Supplemental
Material for details). For each given deformed configura-
tion, we then use geometrical ray tracing [30] to compute
the trajectories of incident rays that travel parallel to the
optical axis (i.e., parallel to the x axis). Note that, while the
refractive index n generally varies with the material stress
[31], for the material and range of applied deformation
considered in here such changes are negligible [i.e.,
max(An) ~ 0.1%]. As such, in our calculations we assume
n to be constant.

In Fig. 2(a) we show the deformed configurations as well
as the computed ray trajectories for a lens with R,/h = 1.6,
R;//h=060, t/h=0.72, v=045, and n=14 at ¢ =
v/2h =0 (i.e., undeformed configuration) and 10.6%.
Our results indicate that, while rays entering the lens near
the optical axis converge at the paraxial focal point F
(located at a distance f from the right surface), those that
reach the lens at y > 0 intersect the optical axis at a
distance #(y) from F. For ¢ = 0, we find that f = 3.41h
and #(y)/h ~ 0.28(y/h)?. Differently, for ¢ = 10.6% the
paraxial focal point distance increases to 3.82 & and
£(y) ~0. As such, these results indicate that the applied
deformation not only enables us to tune the focus of the
lens, but can also be exploited to reduce its aberration.

In order to better quantify the effect of the applied
deformation on aberration, we introduce a longitudinal
measure of the spherical aberration, £ = max¢(y) for
y € [-0.81h,0.8h], where this range is chosen to avoid
highly nonlinear boundary effects [32]. In Fig. 2(b) we plot
the evolution of both the paraxial focal point distance f and
longitudinal measure of the spherical aberration £ as a
function of the applied strain e. The results indicate that,
while f increases linearly with e, £ first decreases, reaches
a minimum at & = gy, = 10.6%, and then further
increases. To gain more insight into the physical ingre-
dients underlying the observed phenomenon, we examine
the deformed shape of the stretched lens. Toward this end,
in Fig. 2(c) we report the maximum principal stretch A,
and its directions at &,;,. We find that the deformation is
minimal in the region close to the left surface near the
optical axis, so that the initial spherical curvature is
preserved there. However, away from the optical axis the
lens deforms nonuniformly making the surfaces deviate
from their initial spherical profile—a fact that is known to
promote reduction in spherical aberration [33].

Next, to validate our numerical findings, we fabricate
a lens identical to that considered in Fig. 1(b) (with
t =18 mm) out of a transparent silicone elastomer
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FIG. 2. Pulling of a biconvex cylindrical lens with R,./h = 1.6,
R;/h =60, t/h = 0.72. (a) Ray trajectories at € = 0% (top) and
&€ = €min = 10.6% (bottom). (b) Evolution of £/L, (blue) and
f/fo (red) as a function of &, where £, = L(¢ = 0) = 0.05h and
fo = f(e = 0) = 5.6h. Both experimental (markers) and numeri-
cal (solid lines) results are shown. (c) Numerically predicted
magnitude and direction of the maximum principal stretch at
& = €mn = 10.6%. (d) Experimental setup. (e) Experimental
(top) and numerical (bottom) snapshots of the lens at different
levels of applied deformation. For the numerical images, we also
show the maximum principal stretch 1,,, in the deformed
configurations.

(Slygard 184—see Supplemental Material [34] for details).
In our tests we clamp the lens at its flat boundaries and use a
linear stage motor (ThorLabs-LTS300) to stretch it [see
Fig. 2(c)]. At different levels of applied deformation we
then scan the left surface of the lens with a laser (LT-301
500 mW) mounted on a separate linear stage and pointed
parallel to lens optical axis, while recording the trajectories
of the reflected ray with a camera (SonyRX400—
see Supplemental Material [34] for details). We find the

084301-2



PHYSICAL REVIEW LETTERS 126, 084301 (2021)

experimental results nicely match both the deformed shape
[Fig. 2(d)] as well as the evolution of f and £ [Fig. 2(b)]
predicted by our numerical analyses, with small discrep-
ancies due to unavoidable imperfections introduced during
fabrication and testing. As such, these results confirm that
pulling a biconvex lens, in addition to increasing its focal
length, also reduces the longitudinal measure of spherical
aberration.

The deformation-induced reduction in longitudinal
aberration observed in both experiments and simulations
[Fig. 2(b)] suggests that at a critical strain the lens surface
approaches the profile of a perfect zero-aberration lens. To
quantify the agreement between the two geometries, we
first analytically derive the surface profile for an aberration-
free lens and then compare it with that of our stretched lens.
To this end, we use Fermat’s principle which states that
incident rays emanating from the same source plane and
converging at an identical point must have equal optical
path lengths. In particular, we consider the optical path of
an arbitrary far-field ray that enters the left lens surface
point Q, exits at the right surface at point P and intersects
the optical axis at the focal point at angle an angle 8. The
optical path length of such ray between the yz plane passing
through the leftmost point of the lens and the focal point is
given by

L(6)
cos(8)

AP =nol[f +Lo—L(0) —xp| +n
+ noy/x5(0) + y3(6), (2)

where n, denotes the refractive index of the surrounding
medium, L(0) represents the horizontal distance traveled
through the lens, Ly =L(# =0) and (x,,y,) are the
coordinates at point P. Moreover, ¢ is the angle between
the horizontal axis and the in-lens ray path [Fig. 3(a)],
which is determined by Snell’s law

nsin(y + 8) = ng sin(0 + y), (3)

with y = tan~!(dxp/dyp). Note that the first, second, and
third terms in Eq. (2) denote the optical distances traveled
by the off-axis ray to (i) arrive at point Q from the selected
vz plane, (ii) traverse the lens, and (iii) reach the focal point
from point P. Since for a ray traveling along the optical axis
(for which 6 = 0 and y, = 0) Eq. (2) reduces to

A* = nLO + I’lof, (4)

the aberration-free lens at each level of applied strain is
calculated by imposing A" = A%, while inputting the right
surface coordinates (xp, y p), focal distance f, and
deformed lens thickness L, obtained in the FE simulation
[35]. In Fig. 3(b) we analyze the difference in the
coordinates of the left surface of the aberration-free lens
defined by x*" = [x, + L(60)/ cos 6, y, + L(6)/ sin 8] and
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FIG. 3. Aberration-free profiles. (a) Schematic of our cylindri-

cal biconvex lenses. (b) Evolution of L2-norm difference between
the coordinates of the left surface of the aberration-free lens and
the simulated one ||x{" — x{;°|| as a function of the applied strain &
for the lens considered in Fig. 2. (c) Difference between the
stretched profile and an aberration-free profile sz - xg" along
the lens height y/h. (d) Left surface deviation from its initial
configuration at different strains predicted by the reduced order
model (black lines), and the deviation required for a zero-

aberration lens surface (blue line).

the simulated coordinates x'® by looking at their L?-norm
difference for y € (0,0.8%) as a function of the applied
strain e. We find that the surface quickly approaches the
aberration-free profile and then gradually deviates from it at
larger strains, with the L?-norm difference that reaches a
nonzero minimum at &,;,. As such, these results indicate
that the nonlinear deformation caused by applied strain &,
results in a lens profile with nonconstant curvature very
close to that required to remove aberration in a biconvex
cylindrical lens. To further understand the effect of the
applied deformation on aberration, we plot the difference
between the aberration-free and stretched profiles along the
lens height. The results reported in Fig. 3(c) show that
different regions of the lens approach the aberration free
surface at different rates. As the strain is applied the entire
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lens converges toward the aberration-free profile until a
small difference is reached at €.;,. Any additional defor-
mation then causes the region next to the boundaries to
diverge while the inner region continues to converge closer
to the aberration-free profile. These two contrasting trends
lead to an increase of L?-norm difference between the
coordinates of the left surface of the aberration-free lens for
€ > €min- Therefore, our results indicate that the combined
deformations of the right and left surface, and the change in
the lens thickness caused by the applied deformation
contribute in a complex way to the observed reduction
in aberration.

Next, to further elucidate the effect of deformation on
aberration reduction, we developed a reduced order model
where we describe the cylindrical lens as a series of
infinitesimal hyperelastic rectangular elements undergoing
uniaxial deformation and assume that the right surface
remains flat throughout the stretching process (see
Supplemental Material [34] for details). This simple model
allows us to describe the left surface profile as a function of
applied strain and, therefore, quantify the effect of stretch-
ing on aberration. In Fig. 3(d) we plot the left surface
deviation from its initial configuration at different strains
predicted by the reduced order model (black lines), and the
deviation required for a zero-aberration lens surface
[defined by Egs. (2)—(4), blue line]. In agreement with
the results of our FE simulations, we find that the left
surface of the lens approaches the profile of a zero-
aberration lens as ¢ increases, but the profiles never fully
coincide. As such, the reduced order model points to the
robustness of the observed phenomenon, as it shows that
the stretching-induced reduction in aberration can be
observed as geometric parameters are varied.

Having demonstrated that the applied deformation can
be exploited to largely reduce aberration in a cylindrical
lens, we now show that the phenomenon persists for a wide
range of geometrical and material properties and that can be
also extended to spherical lenses. In Figs. 4(a)-4(d) we
report the numerically predicted evolution of £ as a
function of the applied deformation for a large set of
cylindrical lenses as well as spherical ones, which are
deformed by radially stretching their nonrefracting boun-
daries (see Supplemental Material [34] for details). The
results indicate that regardless of geometry and Poisson’s
ratio, the applied stretching can be harnessed to reduce
aberration of both cylindrical and spherical biconvex lenses
by ~85%-90%. Further, by comparing the response of the
spherical and cylindrical lenses, we find that the former
require a smaller applied strain to minimize £. The
results of Figs. 4(a)-4(d) also show that for all sets of
considered parameters the aberration curves follow a
similar trajectory (i.e., decreasing to a minimum reached
and increasing afterward) with the strain at which the
aberration is minimum, é&.;,, determined by a complex
interplay between mechanics, geometry, and optical
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FIG. 4. Effect of geometry, material, and loading direction on
L. (a)—(e) Effect of (a) R,./h, (b) R;/h, (c) t/h, (d) v (note that
v = 0.5 requires an incompressible strain energy function y; see
Supplemental Material [34] for details), and (e) loading direction
on L for both cylindrical (solid lines) and spherical (dashed lines)
biconvex lenses. (f) Effect of loading direction on £ for a
biconcave lens.

properties. The dependence of €,;, to various geometrical
parameters can be extracted from our numerical results and
can be used for the lens design (see Supplemental Material
[34] for details). We would further like to point out that &,
not only depends on geometrical and material parameters,
but also it depends on the aperture size (i.e., the area of the
lens considered). A smaller aperture results in smaller
initial aberration. However, since the central region of the
lens is slower in approaching the zero-aberration profile,
&min Decomes larger (see Fig. S4). Remarkably, the aberra-
tion reduction persists independent of geometrical and
material properties and initial aperture size.

While the proposed concept is robust with respect to
geometric variations, it is important to recognize that the
direction of the applied deformation plays a crucial role. As
shown in Fig. 4(e), differently from the pulling considered
thus far, an applied compressive deformation further
accentuates the initial aberration as it locally changes the
lens’ surfaces to move them away from the aberration-free
profiles (see Fig. S3). Differently, a compression load may
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reduce aberration in a biconcave lens [see Fig. 4(f) for a
lens characterized by R,/h = -60, R;/h =—1.6, and
t/h = 0.32], but such reduction is limited to small
levels of strain as under compression a buckling instability
is triggered that significantly alters its geometry
(Movie S1).

To summarize, we have demonstrated that mechanical
deformation can be harnessed to reduce spherical aberra-
tion of cylindrical and spherical biconvex soft lenses.
More specifically, we have used analyses to show that a
critical strain exists for which the profile of the deformed
lens closely approaches the shape of an aberration-free
one and also demonstrated the concept experimentally.
Although in this study we have focused on conventional
biconvex and biconcave elastomeric lenses with initially
smooth surfaces, the proposed methodology is general
and does not rely on any approximation, such as paraxial
approximation or thin lens approximation. Therefore, it
can be extended to design thin and thick unconventional
lenses with irregular shapes as well as surface features
(such as cuts, local bulges, or wrinkles) purposefully
introduced to further alter the optical response. In parallel,
it also enables investigation of different deformation
protocols, such as twisting, shearing, and extension
followed by bending which has been showed to result
in aberration reduction in thin lenses [28,36,37]. Further,
generalizations can be achieved by exploring the effect of
different materials. For example, by incorporating a
temperature dependent viscoelastic model for glass
[38—40], one could investigate the effect of deformation
applied in the melted state on lenses made of glass,
providing new routes for the realization of aberration-
free lenses. Finally, while here we have considered
spherical aberration, the effect of deformation on different
other optical properties, including tilt, coma, and distor-
tion, remains to be explored.

We have made all our numerical codes available for
download to be used and expanded upon by the commu-
nity [41].
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S1. NUMERICAL ANALYSES

In this Section, we first provide details for the Finite Element analyses used to investigate the large deformation of
our soft lenses and then describe the geometrical ray tracing simulation conducted to explore the effect of the applied
deformation on their optical properties.

A. Finite Element analyses

In this study we use non-linear Finite Element analyses to determine the configuration of the elastomeric lenses as a
function of the applied deformation. In order to numerically solve the problem, we mesh the two dimensional models
with a triangular mesh within gmsh library, then use higher order boundary conforming elements in Firedrake and
ascertain the accuracy of each mesh through a mesh refinement study. In our simulations the deformation is applied
by prescribing the displacement of the non-refractive boundaries. Further, we capture the response of the elastomers
out of which the lenses are made using an almost incompressible neo-Hookean model with strain energy density

Y=

VRS

(tr(C) — 3) — pdet(F) + % log(det F)? (S1)

where C = FTF is the Green-Cauchy strain tensor, F is the deformation gradient and p and A are the Lamé
coefficients, which can be written in terms of the Young’s modulus, F, and Poisson’s ratio, v as u = F/2(1 + v) and
A=Ev/(1+v)(1—2v). Note that in the limit of a fully incompressible material our strain energy has the form of

¥ = 5(tr(C) - 3); (52)
with

detF = 1. (S3)

We then carry out non-linear Finite Element analyses using open-source Firedrake library. In our analyses with
comressible materials we find the kinematically admissible displacement field u that minimizes the free-energy

TI(u) = /Q (u)dx. (S4)

Differently, in the incompressible limit we find the kinematically admissible displacement field u that minimizes the
free-energy

II(u) :/Qw(u)dx—ﬂ—/gp(detF—l)dx, (Sh)

where p is a Lagrange multiplier. The minimization problem solved using Newton’s method. Please refer to the
codes available online [1] for more details.

* bertoldi@seas.harvard.edu
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B. Geometrical ray tracing

After we obtain the surface profile of the lens using FE simulations, we use geometrical ray tracing to characterize
the optical response of lens. For each given deformed configuration, we compute the trajectories of incidents rays that
travel parallel to the optical axis. For each ray we find the intersection between the ray and the left surface of the
lens (note that we pass a spline through the points on the left surface of the lens to obtain a smoother profile). At
the intersection, we then calculate the normal direction to the surface and find the input angle of the ray entering the
lens (identified by the angle ¢ in Fig. S1). Next, we use Snell’s law to calculate the angle o between the normal to
the left surface and the in-lens ray path

ng sin ¢ = nsin «, (S6)
where n and ny denote the refractive index of the lens and surrounding medium. Once « is known, we calculate
the angle between the ray and the normal to the right surface, 5. Finally, we use Snell’s law again to determine the
trajectory of the ray after it exits the lens by solving

nsin = ng sin -y, (S7)

where + is the angle between normal to the right surface and the ray trajectory outside the lens.
Please refer to the codes available online [1] for more details.

FIG. S1. Schematic of a ray trajectory.
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S2. ADDITIONAL NUMERICAL RESULTS
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FIG. S2. (a) Effect of boundary conditions on £. Clamped lenses with different end geometries are considered (shown on the
right). (b) Effect of h on £ (ho = 25mm). (c) Focal length variation for a spherical and cylindrical lens as a function of the

applied strain.
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FIG. S3. (a) Evolution of L2norm difference between the left surface coordinates of the aberration-free lens and the simulated

one, [|z5" —

z5”|| (left vertical axis), and aberration, £/Lo (right vertical axis), as a function of the applied strain, e, for a
cylindrical and spherical lens characterized by R,/h = 60, R;/h = 1.6 and ¢/h = 0.72. There is a good agreement between the
two curves and the minimum values of smallest distance between the surfaces and the lowest value of aberration. Note that
the minima of the two curves are slightly offset. Such difference can be attributed to the fact that different metrics are used.
The difference between the coordinates is obtained through L2-norm, while the reduction in aberration is obtained through
L>-norm.  (b)-(c) Difference between the aberration-free and stretched profiles, 25" — 5", along the lens height, y/h, for

a cylindrical and spherical lens characterized by R,/h = 60, R;/h = 1.6 and ¢t/h = 0.72 subjected to (b) stretching and (c)
compression.
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FIG. S4. (a) Schematic of a biconvex lens highlighting the lens height h and the aperture size, y.. In our analyses the aberration
is calculated by considering only far-field rays that enter the left lens surface at points with y-coordinates smaller than yg.
Note that in the main text we consider yo, = 0.8h. (b) Effect of lens’ aperture y./h on aberration £/Lo for a cylindrical and
spherical lens with R,/h = 60, R;/h = 1.6 and t/h = 0.72 subjected to stretching. Note that Lo = L(e = 0) for a lens with
80% aperture (i.e. yo/h = 80%). (c) Evolution of the strain at which the minimum aberration, emin, is obtained as a function
of the lens’ aperture, y./h. We find that emin monotonically decreases as ya/h increases. Note that a smaller aperture results
in smaller initial aberration. However, since the central region of the lens is slower in approaching the zero aberration profile,
the strain at which the aberration is minimum, emin, becomes larger.
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FIG. S5. Effect of material (a) v, and geometrical parameters (b) R,., (c) R;, and (d) t/h on the strain at which the minimum
aberration is obtained, emin, for both cylindrical and spherical lenses. The markers denote the values of emin extracted from
the numerical curves reported in Fig. 4 in the main text. The dash red lines show best numerical fit (power-law or linear) to
the data points. Relevant geometric and material properties are reported at the top of each plot.
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S3. REDUCED-ORDER MODEL
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FIG. S6. (a) Schematic of a cylindrical plano-convex lens with the z-axis aligned with the optical axis, and z-axis pointing out
of plane, (b) Difference between the initial cylindrical profile and the stretched lens profile, t — ¢, obtained using our reduced
model for differnt values of applied strain, €. The blue line corresponds to the difference between the initial cylindrical surface
and the surface with zero aberration.

Our FE analyses indicate that the deformation experienced by a cylindrical lens upon stretching is such that at
a critical strain the lens surface approaches the profile of a perfect zero-aberration (so that at this critical strain
aberration is largely reduced). Importantly, we find that also a reduced-order model, in which we assume that
the right surface remains flat, predicts variation of both deformation and aberration consistent with the numerical
simulations. More specifically, in our model we consider a cylindrical lens as a series of infinitesimal hyperelastic
rectangular elements undergoing uniaxial deformations and find that the applied stretching introduces an aspherical
strain dependent correction to the spherical lens profile.

To facilitate the analysis we use an incompressible Neo-hookean material, whose strain energy density function is
given by

b =L02+02+02-3), (S8)

where p is the shear modulus and A, Ay, A, are the principal stretches, which satisfy the incompressibility constraint
AzdyA, =1 (S9)

We will further restrict our analysis to plain-strain conditions, assume A, = 1 and define

A=Ay = (S10)

Ao

Next, we consider a cylindrical lens as a series of infinitesimal hyperelastic rectangular elements and assume that in
each element o,, = 0. Thus the only non-vanishing component of the Cauchy stress in each infinitesimal element is
0yy, Which is given by

_ 1 o \9v 2 1
JWAwAzaAyAaA“Q z ) (1)

which is homogeneous in each element. Because of traction continuity o, can also be obtained as

Fy
t(y)’
where Fy is the total force exerted on the top/bottom boundary, § = y/\, and (%) is the deformed cross-sectional
thickness of the lens at ¢, which is related to the undeformed cross sectional thickness, t(y), as

i(5) =t <Ayy> Ao =t (%) % (S13)

Jyy(g) = (S12)
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By using Egs. (S11), (S12) and (S13) we find that

(%) (A - ;) _ % (S14)

Note that, since the cylindrical lens considered here has one flat side at = 0 and one circular sector with radius R,
and center at (x., y.)=(do, 0) (see Fig. S6a), its thickness is given by

ty) = VR —y* —do (515)

Substitution of Eq. (S15) into Eq. (S14) yields

2
y d() 1 - F()
- () -2 ) () o (516)

which can be solved to obtain the local stretch A as a function of height y and applied force Fy. Further, in the limit
of small deformations, the principal stretch A can be expanded around the undeformed configuration as

A=1+4¢e+0O(?), (S17)

where € denotes the local strain, which is related to the macroscopic engineering strain through

h
d Fo[" 1
L Jocdy Ko dy. (S18)
h 4pRr Jo \/1—(y/Ry)? —do/Ry
By substituting Eq. (S17) into Eq. (S16) and keeping terms up to order O(e?) we obtain
F 1
e=— . (S19)
Apltr /1= (y/Rr)? — do/ R,

Next, we substitute Eqs. (S15), (S17) and and (S19) into Eq. (S13) to express the thickness of the deformed lens as
a function of the macroscopic engineering strain as

2(y/Ry)*
1— (y/R’l")2

1/f(y) .
h b
Jo 1/f(y)dy

(520)

where

f) = /1- (/R) - 2— (s21)

Importantly, Eq. (S20) defines the left surface profile of the lens, since we assume that the right surface remains
flat. In Fig. S6b, we plot the difference between the cylindrical lens profile and the deformed lens profile, t(y) — (y),
for different values of macroscopic strain €. Further, we show the difference between the cylindrical lens profile and
a perfect lens profile with zero-aberration (blue line). In full agreement with the results of our FE simulations, we
find that the left surface of the lens approaches the profile of a zero aberration lens as € increases, but never exactly
matches with it.
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S4. FABRICATION

To fabricate the cylindrical lens presented in Fig. 1lc of the main text we used a molding approach (Fig.S7a).
First, a negative mold was fabricated using a 3D printer (Ultimaker3) with Ultimaker PLA material. Then, the lens
was cast using a silicone rubber (Slygard 184 Silicone with initial Young’s modulus E = 2.15 MPa and refractive
index n = 1.4). Before replication, plastic shims with 0.127 mm thickness were arranged on the surface of the mold
corresponding to the refractive surface of the lens to minimize roughness (Fig. S7b). The casted mixture was placed
it into the vacuum chamber for about 10 minutes. After the 10 minutes, a large amount of air bubbles appeared
on the surface, which were then eliminated by quickly releasing the vacuum chamber valve. Next, to eliminate the
remaining bubbles we blew air on the surface of the sample. Note that the process (vacuum-depressurization-blown
air) was repeated until all bubbles disappeared. Finally, we let the sample to cure for 2 hours.

(a) (b)

|
’ 3d-printed
mold

FIG. S7. Schematic of a bi-convex lens. The coordinate system origin is assumed at the focal point of the lens, and the z-axis
is along the optical axis of the lens. The rays parallel to the optical axis enter convex surface at point Q, gets refracted toward
the right convex surface and gets refracted at point P toward the focal point at origin.
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S5. TESTING

To experimentally characterize both the effect of mechanical deformation on aberration, we clamp the extended
boundaries at the two ends of the cylindrical lens with two 3d printed plates securely fastened with two screws and
used a linear stage (LTS300mm - Thorlabs) to move one, while keeping the other fixed. In our test we displace the
top end of the lens to achieve an apply strain Ae = 2% and then use a laser (LT-301 500mW) to characterize the
optical response of the lens. Specifically, we point the laser parallel to the optical axis of the lens, slowly move the
laser across the deformed lens with another linear stage (LTS150mm - Thorlabs) and record the ray trajectories with
a camera (SonyRx400). After the measurements for a given level of applied deformation is complete, we then stretch
the lens by Imm and repeat the measurement. Finally, we use an open library image analysing tools (OpenCV) to
extract f and £ from the recorded data.

FIG. S8. (a) Experimental setup. (b) Overlayed images of recorded ray trajectories at a given level of deformation.



[1] Hyperelastic lens aberration (hela), https://github.com/ahmadzareei/HELA (2020).
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