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Digital cameras with designs inspired by the
arthropod eye
Young Min Song1*, Yizhu Xie1*, Viktor Malyarchuk1*, Jianliang Xiao2*, Inhwa Jung3, Ki-Joong Choi4, Zhuangjian Liu5,
Hyunsung Park6, Chaofeng Lu7,8, Rak-Hwan Kim1, Rui Li8,9, Kenneth B. Crozier6, Yonggang Huang8 & John A. Rogers1,4

In arthropods, evolution has created a remarkably sophisticated
class of imaging systems, with a wide-angle field of view, low aber-
rations, high acuity to motion and an infinite depth of field1–3. A
challenge in building digital cameras with the hemispherical, com-
pound apposition layouts of arthropod eyes is that essential design
requirements cannot be met with existing planar sensor technolo-
gies or conventional optics. Here we present materials, mechanics
and integration schemes that afford scalable pathways to working,
arthropod-inspired cameras with nearly full hemispherical shapes
(about 160 degrees). Their surfaces are densely populated by imag-
ing elements (artificial ommatidia), which are comparable in
number (180) to those of the eyes of fire ants (Solenopsis fugax)
and bark beetles4,5 (Hylastes nigrinus). The devices combine elasto-
meric compound optical elements with deformable arrays of thin
silicon photodetectors into integrated sheets that can be elastically
transformed from the planar geometries in which they are fabricated
to hemispherical shapes for integration into apposition cameras.
Our imaging results and quantitative ray-tracing-based simulations
illustrate key features of operation. These general strategies seem to
be applicable to other compound eye devices, such as those inspired
by moths and lacewings6,7 (refracting superposition eyes), lobster
and shrimp8 (reflecting superposition eyes), and houseflies9 (neural
superposition eyes).

Improved understanding of light-sensing organs in biology1,10–12

creates opportunities for the development of cameras that adopt similar
engineering principles, to provide operational characteristics beyond
those available with existing technologies13–19. The compound eyes of
arthropods are particularly notable for their exceptionally wide fields
of view, high sensitivity to motion and infinite depth of field1–3. Analo-
gous man-made cameras with these characteristics have been of long-
standing interest, owing to their potential for use in surveillance devices,
tools for endoscopy and other demanding applications. Previous work
demonstrates devices that incorporate compound lens systems, but only
in planar geometries or in large-scale, handmade curved replicas20–24.
Constraints intrinsic to such approaches prevent the realization of
cameras with the key features present in arthropod eyes: full hemi-
spherical shapes in compact, monolithic forms, with scalability in size,
number and configuration of the light-sensing elements (ommatidia).

Here we present a complete set of materials, design layouts and
integration schemes for digital cameras that mimic hemispherical appo-
sition compound eyes found in biology. Certain of the concepts extend
recent advances in stretchable electronics25 and hemispherical photo-
detector arrays13–18, in overall strategies that provide previously unac-
hievable options in design. Systematic experimental and theoretical
studies of the mechanical and optical properties of working devices
reveal the essential aspects of fabrication and operation.

Figure 1a presents schematic illustrations of the two main subsys-
tems and methods for their assembly into working hemispherical
apposition cameras. The first subsystem provides optical imaging func-
tion and defines the overall mechanics; it is a moulded piece of the
elastomer poly(dimethylsiloxane) (PDMS, with index of refraction
n < 1.43) that consists of an array of 16 3 16 convex microlenses (with
radius of curvature of each microlens r < 400mm) over a square area of
14.72 mm 3 14.72 mm, as shown in Supplementary Fig. 1. Of the 256
microlenses, 180 form working components of the camera, each on a
matching cylindrical supporting post (of height h < 400mm) con-
nected to a base membrane (of thickness t < 550mm).

The second subsystem enables photodetection and electrical read-
out; it consists of a matching array of thin, silicon photodiodes (active
areas d2 < 160mm 3 160mm) and blocking diodes in an open mesh
configuration with capability for matrix addressing. Narrow filamen-
tary serpentine traces of metal (Cr/Au) encapsulated by polyimide
serve as electrical and mechanical interconnects. Aligned bonding of
these two subsystems places each photodiode at the focal position of a
corresponding microlens (Fig. 1b), to yield an integrated imaging
system. A key feature enabled by the constituent materials and layouts
is a fully isotropic elastic mechanical response to large strain defor-
mation, in any direction. In consequence, hydraulic actuation can
deterministically transform the planar layout in which these separate
subsystems are constructed and bonded together, into a full hemi-
spherical shape (Fig. 1c), with precise engineering control (radius of
curvature of the hemisphere R < 6.96 mm) and without any change in
optical alignment or adverse effect on electrical or optical performance
(see Supplementary Figs 2 and 3 for details).

A complete apposition camera (Fig. 1d) consists of this type of imager,
combined with a top perforated sheet and a bottom bulk support, both
made of black silicone to eliminate stray light, bonded to the outer and
inner surfaces, respectively (Fig. 1e and Supplementary Fig. 8). A thin
film insert with metallized contact pads connects to a printed circuit
board as an interface to external control electronics.

By analogy to imaging organs in arthropods12, each microlens and
supporting post corresponds to a corneal lens and crystalline cone,
respectively; each photodiode is a rhabdom; the black elastomer serves
as the screening pigment. A collected set of each of these elements
represents an ommatidium.

The dimensions and the mechanical properties of the imaging sys-
tem are critically important for proper operation. The acceptance
angle (DQ) and the inter-ommatidial angle (DW) define the nature of
image formation1,26 (Fig. 1a and Supplementary Fig. 4). Each microlens
focuses light incident on it within a cone defined by DQ. An individual
ommatidium samples an angular object space determined by DW. For
the layouts of Fig. 1a, optical simulation suggests a total field of view of
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about 160u when DQ 5 9.7u and DW 5 11.0u, without overlapping
fields in adjacent ommatidia (that is, DQ ,DW; see Supplementary
Figs 5 and 6 for details). The key dimensions of the optical sub-
system—d, r and h—provide these features when implemented with
PDMS as the optical material (Supplementary Fig. 7). The combined
heights of the microlenses, supporting posts and base membrane (that is,
r 1 h 1 t) position the photodiodes at distances of one focal length
(f 5 rn/(n 2 1) 5 r 1 h 1 t) from the lens surface. Collimated light at
normal incidence focuses to spot sizes that are smaller (about 100mm
3 100mm) than the areas of the photodiodes.

Retaining these optical parameters throughout the process of trans-
formation from planar to hemispherical shapes represents a challenge
that can be addressed with two new design/integration approaches.
The first approach involves a method for bonding the optical and
electrical subsystems at the positions of the photodiodes/blocking
diodes only. This configuration ensures optical alignment during sub-
sequent deformation, but allows free motion of the serpentine inter-
connects to minimize their effects on the overall mechanics. The
resulting response of the system to applied force is dominated by the
elastic behaviour of the PDMS (modulus about 1 MPa), and is nearly
independent of the hard materials found in the array of photodiodes/
blocking diodes (Si, with modulus about 150 GPa, Au, with modulus
about 80 GPa and polyimide, with modulus about 5 GPa)27,28. In par-
ticular, the computed effective modulus of the system is only 1.9 MPa,
with global strains that can reach more than 50% in equi-biaxial ten-
sion before exceeding the fracture thresholds of the materials.

The second approach exploits a set of dimensional and material
choices in the optical subsystem. Here, the modulus of the PDMS is
sufficiently small and the heights of the supporting posts are sufficiently

large that deformations induced by stretching the base membrane are
almost entirely mechanically decoupled from the microlenses. As a
result, large strains created by geometry transformation induce no
measurable change in the focusing properties. In addition, the com-
bined heights of the microlenses and the posts are large compared to
the thickness of the base membrane. This layout minimizes strain at the
locations of bonding with the photodiodes/blocking diodes, thereby
eliminating the possibility for failure at these interfaces or in the silicon.

Figure 2 summarizes these features in a series of micro X-ray com-
puted tomography (XCT; MicroXCT 400) images and finite element
method (FEM) calculations before and after geometrical transforma-
tion (see Supplementary Figs 9 and 10 for additional details of FEM
and analytical treatments of the mechanics). The results in Fig. 2c
highlight four adjacent ommatidia, with strain distributions deter-
mined by FEM in each of the different layers of a single ommatidium.
The top and bottom surfaces, where the microlenses and photodiodes
are located, respectively, show excellent isolation. The peak strains
in these regions are ,1% (microlenses in box of Fig. 2c) and ,0.2%
(photodiode/blocking diodes in box of Fig. 2c) even for the large global
strains (about 30% or more) that occur in the hemispherical shape.
Quantitative analysis of the distribution of r across the entire array,
before and after deformation (top panels of Fig. 2d; Supplementary
Fig. 12) shows no change, which is consistent with FEM findings
(Supplementary Fig. 13). Non-uniform strains lead to a slight, but
systematic, spatial variation of DW across the array (bottom left panel
of Fig. 2d), as expected based on the mechanics (Supplementary
Fig. 13). All ommatidia have an orientation along the direction of
the surface normal (that is, the tilt from normal, htilt, is zero; bottom
right panel of Fig. 2d).
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Figure 1 | Schematic illustrations and images of
components and integration schemes for a
digital camera that takes the form of a
hemispherical, apposition compound eye.
a, Illustrations of an array of elastomeric microlenses
and supporting posts joined by a base membrane
(above) and a corresponding collection of silicon
photodiodes and blocking diodes interconnected by
filamentary serpentine wires and configured for
matrix addressing (below). On the left, these
components are shown in their as-fabricated, planar
geometries; the upper and lower insets provide
magnified views of four adjacent unit cells (that is,
artificial ommatidia). Bonding these two elements
and elastically deforming them (‘combine, stretch’)
into a hemispherical shape creates the digital
imaging component of an apposition compound eye
camera (centre). An exploded view of four adjacent
unit cells appears in the centre inset, with a cross-
sectional illustration (on the right) that highlights
key parameters: the acceptance angle (DQ) for each
ommatidium, the inter-ommatidial angle (DW), the
radius of curvature of the entire device (R) and of an
individual microlens (r), the height of a cylindrical
supporting post (h), the thickness of the base
membrane (t), and the diameter of the active area of
a photodiode (d). b, Optical micrograph of four
adjacent ommatidia in planar format (left), with
magnified view (right). c, Image of a representative
system after hemispherical deformation.
d, Photograph of a completed camera mounted on a
printed circuit board as an interface to external
control electronics (left), with close-ups in the insets
(upper inset shows tilted view; lower inset shows top
view). e, Exploded-view illustration of the
components of this system: perforated sheet of black
silicone (black matrix), hemispherical array of
microlenses and photodiodes/blocking diodes, thin-
film contacts for external interconnects, and
hemispherical supporting substrate of black silicone.
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Working apposition cameras formed in this manner have excellent
operational characteristics and high yields. Overall image construction
follows from a pointwise sampling by the photodiode/blocking diodes
of images formed at each microlens. In this way, each ommatidium
contributes a single pixel to a different region of the resultant image.
Figure 3a schematically illustrates this process through images com-
puted using physically correct ray-tracing procedures (GNU Goptical,
see Supplementary Figs 14 and 15 for details) executed in a parallel
fashion. Each microlens produces a small image of an object (in this
example, a ‘1’ line-art pattern) with a form dictated by the parameters
of the lens and the viewing angle (third panel from the left in Fig. 3a).
An individual photodiode generates photocurrent only if a portion of
the image formed by the associated microlens overlaps the active area.
The photodiodes stimulated in this way produce a sampled image
(second panel from the left in Fig. 3a) of the object. In biology, rapid
motion of the eye and/or the object can yield improvements in effective
resolution. Experiments and modelling reported here simulate such
effects by scanning the camera from 25.5u to 5.5u in the h and Q
directions with steps of 1.1u. Modelling results appear in the left panel
of Fig. 3a (scans from 211u to 11u lead to complete overlap of con-
tributions from neighbouring ommatidia, thereby allowing subtrac-
tion of effects of isolated non-functional elements). Figure 3b presents
pictures, rendered on hemispherical surfaces with sizes that match the
camera, of two different line-art patterns collected using a representa-
tive device, for which 166 out of a total of 180 ommatidia function
properly (see Supplementary Fig. 16).

Software algorithms and data acquisition systems enable the cam-
eras to adapt to different light levels. When we use a scanning mode
for data collection (see Supplementary Information), the results are
remarkably consistent with optical modelling that assumes ideal charac-
teristics for the cameras (Fig. 3c). Systematic, quantitative comparisons

between parametric simulations and experimentally recorded images
indicate correlation values (91.3% and 89.0% in left and right images,
respectively) in a range consistent with operation close to limits dic-
tated by the optics and physical designs. Some loss of resolution and
edge definition follows from parasitic scattering within the camera. See
Supplementary Figs 18 and 19 for details. Other examples appear in
Supplementary Fig. 20.

The arthropod eye offers resolution determined by the numbers of
ommatidia, and is typically modest (Fig. 3b and c) compared, for
example, to mammalian eyes. Two other attributes, however, provide
powerful modes of perception. First, the hemispherical apposition
design enables exceptionally wide-angle fields of view, without off-axis
aberrations. Figure 4a gives an example of this characteristic, through
pictures of a line-art soccer ball illustration placed at three different
angular positions: 250u (left), 0u (centre), and 50u (right). All three cases
show comparable clarity, without anomalous blurring or aberrations,
consistent with the proper, independent functioning of ommatidia
across the array. Equivalent imaging modes are difficult or impossible
to obtain using planar detector technologies even with sophisticated
fish-eye lenses, spherical mirrors or other specialized optics. Quanti-
tative analysis can be performed through laser illumination at angles
ranging from 280u to 80u with 20u steps along both the x and y direc-
tions, as shown in a single composite image in Fig. 4b (see individual
images in Supplementary Fig. 21). The uniformity in sizes, shapes,
illumination levels and positions of these spots are consistent with
expected behaviour over the entire approximately 160u field of view.

The second attribute is the nearly infinite depth of field that results
from the short focal length of each microlens and the nature of image
formation3. In particular, as an object moves away from the camera,
the size of the image decreases but remains in focus (Supplemen-
tary Fig. 22). A consequence is that the camera can accurately and
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Figure 2 | Computational and experimental
studies of the mechanics associated with
assembly of a hemispherical, apposition
compound eye camera. a, XCT image of the
imaging component of the camera, showing both
the microlenses and the photodiodes/blocking
diodes with serpentine interconnects (see
Supplementary Fig. 11 for additional details of
XCT). b, XCT images before (top) and after
(middle) elastic deformation into a hemispherical
shape, and FEM results for the system after
deformation (bottom). c, High-resolution XCT
image of four adjacent ommatidia located slightly
off-axis (in polar and azimuth angles) near the
centre of a camera, and FEM computed shape and
distributions of strain at this location. The boxed
panels highlight strains in different regions of a
single ommatidium: microlens, cylindrical post,
membrane base and photodiode/blocking diode
island with serpentine interconnects. d, The top
panels are XCT images of 16 microlenses from the
middle row of an array in flat (left) and
hemispherical (right) geometries. The middle
panels are colour maps of the radii of curvature (r)
of microlenses in the array, in flat (left) and
hemispherical deformed (right) geometries. The
bottom panels are colour maps ofDW (left) and the
angle of tilt of ommatidia away from the surface
normal htilt (right); both in the hemispherical
deformed configuration.
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simultaneously render pictures of multiple objects in a field of view,
even at widely different angular positions and distances. Figure 4d
presents the results of demonstration experiments. Even though
movement of the object away from the camera changes its size in

the corresponding image, the focus is maintained. Objects with the
same angular size that are located at different distances produce images
with the same size, all of which is consistent with modelling (Sup-
plementary Fig. 23).
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and representative pictures. a, Conceptual view of
image formation, illustrated by quantitative ray-
tracing results for the simple case of an 8 3 8
hemispherical array of ommatidia, corresponding
to the central region of the camera. Each microlens
generates an image of the object (‘1’ pattern in this
example), with characteristics determined by the
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with the active area of a corresponding photodiode
(black squares in the third frame from left)
generates a proportional photocurrent at this
location of the array (second frame from left). The
result is a sampled reproduction of the object.
Improved effective resolution can be realized by
scanning the camera (from 25.5u to 5.5u in the h
and Q directions with 1.1u steps, as shown in the left
frame). b, Pictures (main panels) of line-art
illustrations of a fly (left inset) and a ‘Horus eye’ (an
Egyptian hieroglyphic character) (right inset)
captured with a hemispherical, apposition
compound eye camera, each rendered on a
hemispherical surface that matches the shape of the
device. Experimental setups appear in
Supplementary Fig. 17. c, Images as in b, computed
by ray-tracing analysis, assuming ideal
construction and operation of the camera.
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Figure 4 | Imaging characteristics
of a hemispherical, apposition
compound eye camera. a, Pictures
of a soccer ball illustration captured at
three different polar angles relative to
the centre of the camera: 250u (left),
0u (centre), and 50u (right).
b, Composite picture corresponding
to sequential illumination of the
camera with a collimated laser beam
at a nine different angles of incidence
(from 280u to 80u in both x and y
directions, with 20u steps), displayed
on a hemispherical surface (top) and
projected onto a plane (bottom).
c, Schematic illustration of an
experimental setup to demonstrate
key imaging characteristics. One
object (object A, triangle) lies at an
angular position of 40u and distance
DA; the other (object B, circle) at 240u
and DB. d, Pictures of these objects
collected at different values of DB.
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The cameras reported here incorporate approximately twice as
many ommatidia (about 180) as eyes found in some worker ants (about
100 in Linepithema humile)29, significantly fewer than in dragonflies
(about 28,000 in Anax junius)10 or praying mantises (about 15,000 in
Stagmatoptera biocellata)30, but all with similar fields of view (an esti-
mated 140–180 degrees).

A key defining attribute of our elastomeric optical and deformable
electronic subsystems is their applicability to devices with large num-
bers of ommatidia, diverse spatial layouts, and dimensions into the
micrometre regime. Compatibility with silicon technology suggests that
commercially available sophistication in imaging arrays and straight-
forward advances in assembly hardware can enable apposition cameras
with resolution and other capabilities that significantly exceed those in
known species of arthropods. Specific application requirements and
design considerations will dictate the choice between apposition cam-
eras and more conventional approaches that use advanced imaging
systems based on fish-eye lenses and others. Other important directions
for future research include efforts to expand capabilities beyond those
found in biology, such as engineering systems for continuous tuning of
the curvature of the hemispherical supporting substrate. Biologically
inspired schemes for adapting to different light levels are also of interest.

METHODS SUMMARY
The optical subsystem was formed by casting and curing a prepolymer to PDMS
(Sylgard 184, Dow Corning) against a precision, micro-machined aluminium
mould and associated fixture. Release of the cured PDMS yielded microlenses
and supporting posts with a thin PDMS membrane as a base, each with well
defined dimensions. Fabrication of the electrical subsystem involved a series of
thin-film processing steps conducted on a silicon-on-insulator wafer. As a final
step, etching with concentrated hydrofluoric acid removed the buried oxide layer.
Subsequent transfer printing onto the rear plane of the optical subsystem used a
homebuilt apparatus, with integrated microscope stage to enable precise align-
ment. Irreversible bonding at the positions of the photodiodes/blocking diodes
was enabled by layers of SiO2 deposited only in these regions, to allow condensa-
tion reactions between their hydroxyl-terminated surfaces and those of the PDMS.
A polyimide film with metal contact pads was mounted onto the periphery of the
resulting system with an adhesive. A custom mounting assembly and sealed
chamber enabled hydraulic deformation from a planar to hemispherical geometry.
A hemispherical supporting rod made of PDMS mixed with black silicone pigment
(Smooth-on Inc.), and coated with a thin layer of adhesive, held the system in its
deformed, hemispherical geometry. A perforated sheet of black silicone, formed by
laser machining of thin film membrane (Ecoflex, Smooth-on) mixed with carbon
black powder (Strem Chemical), was manually stretched and assembled onto the
imager. Mounting on a printed circuit board using mechanical pressure applied
with a plastic frame established good electrical contact between the printed circuit
board and the metal contacts on the polyimide film. The completed cameras
collected pictures of opaque line-art patterns on transparency foils illuminated
from behind with diffuse white light, using automated scanning and data acquisi-
tion systems.
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1. Fabrication of the photidiode/blocking diode array and its I-V characteristics

Figure S2a shows an exploded schematic illustration of the layout of the silicon, 

metal and polymer layers associated with a single unit cell in the array. The steps for 

fabrication generally follow procedures previously reported1,2, although the specific designs 

here were adapted to allow the desired acceptance angle and the extreme requirements on 

deformability. One major change is the use of second metallization layer to connect the 

parallel metal lines indirectly passing through the n-type silicon, as shown in Fig. S2a. This 

modification provides reduced series resistance and prevents line failures that can arise from

disconnection between the silicon devices and the metal contacts. Figure S2b presents an 

image of a 16x16 photodiode/blocking diode array on an SOI wafer before transfer printing. 

An optical microscope image of the unit cell is in the inset. The response of a representative 

individual pixel appears in figure S2c. Detailed fabrication steps are outlined in the following.

Fabrication steps:
p+ doping

1. Clean 1.25 μm SOI wafer (acetone, isopropyl alcohol (IPA), deionized (DI) water).

2. Deposit 900 nm SiO2 by plasma enhanced chemical vapor deposition (PECVD; PlasmaTherm 

SLR).

3. Treat with hexamethyldisilazane (HMDS) for 1.5 min.

4. Pattern photoresist (PR; Clariant AZ5214, 3000 rpm, 30 sec) with 365 nm optical lithography (Karl 

Suss MJB4) (Mask #1: p-doping).

5. Anneal at 110°C for 5 min.

6. Etch oxide in buffered oxide etchant (BOE) for 2.5 min.

7. Remove PR by acetone and clean by piranha for 3 min.

8. Expose to diffusive boron source at 1000°C for 30 min.

9. Clean the processed wafer (HF 1 min, piranha 10 min, BOE 1 min).

n+ doping

10. Deposit 900nm SiO2 by PECVD.

11. Treat with HMDS for 1.5min.

12. Pattern PR (Mask #2: n-doping).

13. Anneal at 110°C for 5 min.

14. Etch oxide in BOE for 2.5 min.

15. Remove PR by acetone and clean by piranha for 3min.

16. Expose to diffusive phosphorus source at 1000°C for 10min.
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17. Clean the processed wafer (HF 1 min, piranha 10 min, BOE 1 min).

Silicon isolation

18. Pattern PR (Mask #3: Si isolation).

19. Etch silicon by reactive ion etcher (RIE; 50 mTorr, 40 sccm SF6, 100 W, 3 min).

20. Remove PR by acetone and clean by piranha for 3 min.

Sacrificial oxide layer deposition

21. Etch oxide layer of SOI wafer in HF for 1.5 min.

22. Deposit 100nm SiO2 by PECVD.

23. Treat with HMDS for 1.5 min.

24. Pattern PR (Mask #4: sacrificial layer).

25. Anneal at 110°C for 5 min.

26. Etch SiO2 layer in BOE for 30 sec.

27. Remove PR by acetone and clean by piranha for 3 min.

Deposition of the first layer of polyimide

28. Spin coat with polyimide (PI, poly(pyromellitic dianhydride-co-4,4’-oxydianiline), spun at 4000

rpm, 60 sec).

29. Anneal at 110°C for 3 min at 150°C for 10 min.

30. Anneal at 250°C for 60 min in N2 atmosphere.

Patterning the first set of via holes

31. Expose to ultraviolet induced ozone (UVO) for 5 min.

32. Deposit 150 nm SiO2 by PECVD.

33. Treat with HMDS for 1.5 min.

34. Pattern PR (Mask #5: via pattern 1).

35. Etch SiO2 layer by RIE (50 mTorr, 40:1.2 sccm CF4:O2, 150 W, 8.5 min).

36. Remove PR by acetone.

37. Etch PI by RIE (150 mTorr, 20 sccm O2, 150 W, 20 min).

Performing the first metallization

38. Etch SiO2 mask in BOE for 35 sec.

39. Sputter 5/300nm of Cr/Au by sputter coater (AJA international).

40. Pattern PR (Mask #6: metal pattern 1).

41. Anneal at 110°C for 5 min.

42. Etch Au/Cr by wet etchants for 80/20 sec.

43. Remove PR by acetone (carefully).

Depositing the second layer of polyimide

44. Spin coat with PI (4000 rpm, 60 sec).
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45. Anneal at 110°C for 3 min at 150°C for 10 min.

46. Anneal at 250°C for 60 min in N2 atmosphere.

Patternin the second set of via holes

47. Expose to ultraviolet induced ozone (UVO) for 5 min.

48. Deposit 150 nm SiO2 by PECVD.

49. Treat with HMDS for 1.5 min.

50. Pattern PR (Mask #7: via pattern 2).

51. Etch SiO2 layer by RIE (50 mTorr, 40:1.2 sccm CF4:O2, 150 W, 8.5 min).

52. Remove PR by acetone.

53. Etch PI by RIE (150 mTorr, 20 sccm O2, 150 W, 40 min).

Performing the second metallization

54. Etch SiO2 mask in BOE for 35 sec.

55. Sputter 5/300nm of Cr/Au by sputter coater (AJA international).

56. Pattern PR (Mask #8: metal pattern 2).

57. Anneal at 110°C for 5 min.

58. Etch Au/Cr by wet etchants for 80/20 sec.

59. Remove PR by acetone (carefully).

Depositing the third layer of polyimide

60. Spin coat with PI (4000 rpm, 60 sec).

61. Anneal at 110°C for 3 min at 150°C for 10 min.

62. Anneal at 250°C for 60 min in N2 atmosphere.

Patterning holes and isolating the PI 

63. Expose to ultraviolet induced ozone (UVO) for 5min.

64. Deposit 150 nm SiO2 by PECVD.

65. Treat with HMDS for 1.5 min.

66. Pattern PR (Mask #9: hole pattern and Mask #10: PI isolation).

67. Etch PECVD oxide by RIE (50 mTorr, 40:1.2 sccm CF4:O2, 150 W, 8.5 min).

68. Remove PR by acetone.

69. Etch PI by RIE (150 mTorr, 20 sccm O2, 150 W, 40 min).

70. Etch Au/Cr by wet etchants for 40/10 sec.

71. Etch PI by RIE (150 mTorr, 20 sccm O2, 150 W, 40 min).

72. Etch silicon by RIE (50 mTorr, 40 sccm SF6, 100 W, 3 min).
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2. Method for aligned integration of optical and electrical sub-systems

Figure S3 illustrates the procedure for aligned integration of the electrical sub-system 

onto the backside of the optical sub-system. Unlike conventional transfer printing, in this 

design, the top surface of the device array must bond to the back surfaces of the PDMS 

microlenses, supporting posts and base membrane. This situation demands a two-step

transfer printing scheme, involving 1) transfer of the photodiode/blocking diode arrays from a

SOI wafer to a PDMS stamp using a water-soluble poly(vinylalcohol) (PVA) tape, and then 2)

aligned transfer from the PDMS stamp to the backside of the PDMS substrate using an 

assembly of translation and rotation stages with an optical microscope. In the first step, the 

array was retrieved with water-soluble PVA tape and transferred to a flat PDMS stamp 

mounted on a glass substrate. After the transfer, the PVA tape was dissolved by immersion

in DI water for 30 minutes. In the second step, a thick PDMS supporting substrate with an 

array of concave recessed regions, in a geometry and layout matching the microlens array, 

was used as a mount for the PDMS optical sub-system. These two pieces, taken together, 

were sufficiently rigid to allow use on a mechanical alignment stage. A microscope with a

translational/rotational stage enabled alignment, and then controlled bonding of the optical 

and electrical sub-systems, in a way that matched each photodiode/blocking diode to a 

microlens. To ensure perfect transfer and robust bonding, the surface of the optical sub-

system was treated with ultraviolet induced ozone, to allow adhesion, via condensation

reactions, with the photodiodes/blocking diodes upon baking at 70°C. Afterwards, the 

PDMS stamp was released slowly (~ 10 sec), and the integrated optical/electrical system was

removed from the PDMS support. Detailed procedures are as follows.

Aligned, transfer printing/bonding of optical and electrical sub-systems
1. Etch oxide layer of SOI wafer in HF for 60 min.

2. Rinse the processed wafer with DI water for 10 min (carefully). 

3. Clean device perimeter using scotch tapes.

4. Pick up photodiode/blocking diode arrays using water-soluble tape.

5. Transfer to a PDMS stamp on a glass substrate.

6. Dissolve the water-soluble tape with DI water for 30 min.

7. Mount PDMS optical sub-system on a thick PDMS support with concave relief in the geometry and 

layout of the microlens array.

8. Expose PDMS optical sub-system to ultraviolet induced ozone (UVO) for 3 min.
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9. Align electrical sub-system mounted on a thin PDMS membrane to optical sub-system.

10. Stamp to a target substrate.

11. Release PDMS stamp (slowly ~ 10sec).

12. Release integrated optical/electrical system from the PDMS supporter.

3. Optical design aspects

Fig. S4 shows a schematic illustration of the compound eye camera before and after 

deformation, with key optical parameters identified. Each photodiode is positioned at the 

bottom center of each microlens. Each microlens/photodiode combination (i.e. ommatidium) 

collects averaged optical signal from light incident within an acceptance angle, Δφ, of object 

space. Before deformation, the distance between microlenses (i.e. the pitch), L0, is 0.92 mm. 

After deformation, the planar layout transforms into a full hemispherical shape, such that the

compound eye samples the angular object space with an inter-ommatidial angle, ΔΦ, as 

shown in the bottom frame of Fig. S4. The spherical radius and the polar angle are
2 2

2
+

= sH rR
H

, 1sinβ −=
H
R

(1)

where H=6 mm and rs=6.86 mm are the height and radius of the spherical cap, respectively.

The tensile stretch is given by 2
2
βρ =
s

R
r

and the pitch after deformation is determined by 

0ρ=L L . Then, the inter-ommatidial angle is defined by ΔΦ =
L
R

. Fig. S5b shows the 

relation between the height of the deformed optical/electrical system and the inter-ommatidial 

angle. For H = rs, the spherical cap becomes a full hemisphere of radius = sR r and the 

polar angle 
2
πβ = . For H = 6 mm, the inter-ommatidial angle ΔΦ =11.04°, and the field of 

view angle 160.4θ = °FOV .

At an incident wavelength, λ, the acceptance angle of an ommatidium can be 

described by the formula3

22λϕ   ∆ = +      

d
D f

where λ D is the angular sensitivity due to diffraction at a facet lens with diameter D and 

d f is the angular sensitivity due to the geometrical angle of a photodiode with diameter d
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with f as the focal length of the microlens. In our design, diffraction is negligible since the 

microlens diameter is much larger than the optical wavelength. As a result, the acceptance 

angle ϕ∆  is simply determined by d f . Fig. S5b summarizes focal lengths at different 

radii of curvature, along with other parameters, evaluated by numerical ray tracing 

(Optical_bench)4. The parameters of the ommatidia were defined to ensure that the detector 

is in the focus of the microlens. A range of input angles for the rays that intersect the

detector were evaluated and used to guide design process. Since the detector has a square 

shape, two sets of input angles were considered: those parallel to the side and to the diagonal

of the square. In the current design, the radii of curvature should be less than 0.46 mm 

because the distance between adjacent detectors is 0.92 mm.  We selected the curvature to 

be 0.4 mm with 0.12 mm gaps between adjacent lenses.  The corresponding focal length is 

1.37 mm. The key dimensions are in Fig. S5b.  For simplicity, we set the focal length as 

1.35 mm.  The height of the cylindrical support the thickness of the base membrane are 0.40

mm and 0.55 mm, respectively.

The optical sub-system was formed in a single step, by casting and curing a

prepolymer to a silicone elastomer (10:1 mixture of base and curing agent, Sylgard 184, Dow 

Corning) against a precisely machined aluminum block mounted on a fixture, as shown in the 

left frame of Fig. S1. To minimize the strain from heating, the PDMS was cured at room 

temperature for 48 hours. Release of the cured PDMS completed the fabrication.

The microlenses fabricated in this manner were characterized by measuring the 

focused spot with different incident angles. A schematic diagram of the experimental setup 

is shown in Fig. S6a. Laser light (532 nm) was passed through a beam expander (Thorlabs 

BE15M), and then onto a microlens array directly laminated on a CMOS sensor. Since the 

sensor was naturally positioned at the focal point of microlens, the focused spot image could 

be recorded directly. As the lens/sensor was rotated, the position of the focused spot moved 

in a radial direction. Figure S6b shows calculation and experimental results of the relation 

between the acceptance and the distance between each spot. To prevent overlapping of light 

received by adjacent ommatidium in object space, the acceptance angle should be smaller 

than the inter-ommatidial angle. For this purpose, we selected a photodiode diameter of 160 

µm, corresponding to an acceptance angle of 9.69°.
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4. Method for hemispherical deformation and completion of the compound eye camera

Fig. S8a presents an exploded view of schematic illustration of the compound eye 

camera, consisting of a highly stretchable, perforated black matrix, arrays of deformable,

eleatomeric microlenses in a hemispherical layout, coupled with arrays of silicon 

photodiodes/blocking diodes, a polyimide (PI) film with metal electrodes, and a black 

hemispherical support. Before hemispherical deformation, a PI film in the form of a circular 

strip with metal contact pads (third frame of Fig. S8c) was mounted on the rear plane of the

integrated optical and electrical sub-systems by use of an adhesive.  Electrical connection 

between the device array and the metal lines on the PI film was established with silver epoxy.  

For deformation, the integrated imager was sealed in a hydraulic fixture that consisted of an 

upper and lower cover with an opening hole, as shown in the second frame of Fig. S8c.  The 

opening hole controlled the size and shape of deformation.  To enable very large 

deformation from flat to hemisphere, the edge of opening hole was formed with a rounded 

surface.  The assembly was connected to a fluidic chamber with two liquid input/output 

ports.  These ports were used not only for applying pressure but also for releasing air 

entrapped in the system. The radius of curvature of the deformed hemisphere was 

controlled by adjusting the pressure inside of the water chamber using a gauge connected 

through a t-connector. The deformed imager was mounted on a black hemispherical support

rod coated with a thin layer of adhesive to retain the hemispherical geometry.  This support

was made of PDMS with 5 wt% black silicon pigment (Smooth-on Inc., USA), molded using 

a machined aluminum block.

The black matrix acts as a light blocking baffle between microlenses, to suppress 

optical crosstalk between neighboring ommatidia. The steps for fabricating this component

started with the mixing of an elastomer (Ecoflex 00-10, Smooth-On, USA) with carbon black 

powder (Strem chemicals, USA) at 0.5 wt% using a centrifugal mixer (Thinky, USA). This 

liquid was then spin cast on a 4 inch silicon wafer at 300 rpm for 100 seconds. The film 

was cured at room temperature for 24 hours. The resulting thickness was ~800 µm. After 

curing, the black silicone film was peeled off from the wafer. Holes were machined using a

CO2 laser cutter (VLS3.50, Universal Laser, USA) with 2.0 lens kit, in a vector cutting mode 

with resolution of 1000 pulses per inch. The fabricated matrix appears in the top frame of 

Fig. S8c. The diameter of the holes was 650 μm and the distance between them was 920 μm. 

This component was manually assembled with deformed apposition compound eye imager.
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Fig. S8b gives a schematic illustration of the fully integrated compound eye camera, 

ready to mount on a printed circuit board (PCB). Mechanical pressure applied using a

transparent plastic frame with a large circular aperture enabled successful electrical contact 

between the PCB and the metal pads on the PI. Fig. S14 shows the current response for all 

used pixels (i.e., [2, 8, 10, 12, 14, 14, 14, 16, 16, 14, 14, 14, 12, 10, 8, 2] from first to sixteen 

column line) at an applied bias of 3 V in the bright (top frame) and dark (bottom frame) state. 

The current response mapping revealed that 14 pixels out of the 180 pixels (92.2% pixel 

yields) were not working properly. To eliminate the effects of these malfunctioning pixels

in captured pictures, we used an overscanning process.

5. Mechanics of hemispherical, large strain deformations

As shown in Fig. S9a, the optical sub-system consists of an array of PDMS 

microlenses on supporting cylindrical posts, all bonded to a base PDMS membrane.  The 

PDMS Young’s modulus, E, and Poisson’s ratio, ν= 0.5.  This sub-system is deformed to 

hemispherical shape by hydraulic pressure applied on the bottom through a sealed chamber.  

The opening of this chamber has a radius of R2 (=10.9 mm), and the deformation is confined 

by a stiff ring with inner radius R1 (=7.4 mm), as illustrated in Fig. S9a. The inner edge of 

the ring is rounded, with radius r0=1 mm. Water injection into the chamber induces a 

pressure difference, p, at the two surfaces that deforms the PDMS into the shape of a 

hemispherical cap. The deformation detail is illustrated in Fig. S9b and S9c. The part of 

the PDMS outside of the inner edge of open hole is confined, and remains undeformed. As 

shown in Fig. S9c, upon deformation, sliding occurs between the inner edges of the stiff ring 

and the open hole, such that the B point on the undeformed shape moves to B’ point. The 

PDMS membrane will contact the rounded inner edge of the stiff ring, with the separation 

point A’, which corresponds to point A on the undeformed shape. 

The mechanical response of the sub-system is approximated by a uniform PDMS 

membrane. As shown in the previous studies, the radial strain is approximately constant 

across the membrane. For a peak deflection, H, of the PDMS membrane, the radius of the 

hemisphere is obtained as ( )2 2
1 0

02
+ +

= −
R r H

R r
w

, the spherical angle of the hemispherical 

cap is 1 0
m

0

arcsinϕ +
=

+
R r
R r

, and the coordinate of the separation point A’ is determined by the 
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cylindrical coordinate ( ) ( )1 0 0

0 0

, ,
+ 

=  + + 

R R r Hrr z
R r R r

.

The radial coordinate of A can be obtained as

( )
2 m

0 m 2 1 0

ϕ
ϕ

=
+ + − −A

R Rr
R r R R r

.

The material point initially at ( ), ,0θ< Ar r moves to a new point on the hemispherical cap 

with a polar angle mϕ ϕ=
A

r
r

. The corresponding principle stretches are

cap m
1

ϕλ =
A

R
r

, cap
2 msinλ ϕ

 
=  

 A

R r
r r

,
( )

cap
3 2

m msin
λ

ϕ ϕ
= A

A

r r
R r r

. (1)

The radial coordinate of B point is

( )
( )

2 0 m

0 m 2 1 0

ϕ
ϕ

+
=

+ + − −B

R R r
r

R r R R r
.

The principle stretches in PDMS in contact with the ring ( ≤ ≤A Br r r ) are 

contact m
1

ϕλ =
A

R
r

, contact 1 0 m
2

0

1 sin ϕλ
  −

= + −  
  

B

A

R r R r r
r r r r

, contact
3 contact contact

1 2

1λ
λ λ

= . (2)

The principle stretches in the flat part ( 2≤ ≤Br r R ) are

flat m
1

ϕλ =
A

R
r

, ( )flat 2
2 2 2 1 0

2

1λ
 −

= − − − − B

R rR R R r
r R r

, flat
3 flat flat

1 2

1λ
λ λ

= . (3)

The elastic strain energy based on the Yeoh model is obtained as5

( ) ( ) ( )2
3 3 3

cap contact flat
e 1 1 10

1 1 1
2 3 d 3 d 3 dπ

= = =

 = − + − + −  
∑ ∑ ∑∫ ∫ ∫

A B

A B

r r Rn n n

n n nr r
n n n

U t C I r r C I r r C I r r , (4)

where 2 2 2
1 1 2 3λ λ λ= + +I and nC are the material constants reported by Jung et al.2,6.  The 

work done by the pressure difference p is

( )
( ) ( )

3
2 22 0

1 0 1 0 33
00

3
6
π π

   = = + + + + −   ++  

R h HrW pV p R r H R r V
R rR r

, (5)

where ( ) ( ) ( )2
3 0 1 0 m m 0

3
m m

11 cos 1 cossin 2
2 3
1π ϕ ϕϕ ϕ  = + − −  

 


 
− − −  

V r R r r , and V is the 

volume enveloped by the deformed membrane and the z = 0 plane. 
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The principle of minimum potential energy gives

e eU U hp
V V h

δ
δ

∂ ∂
= =

∂ ∂
. (6)

This analytically gives the relation between the pressure difference, p, and peak deflection, H.

The w-p curve is plotted as red solid line in Fig. S10a, which shows good agreement with 

FEM and experiment. Figure S10b shows analytical (red solid line) and experimental (black 

circles) results for the radius of curvature, R, versus the applied water pressure, which also 

exhibit good agreement.

6. Analysis of key geometries in the compound eye

Three dimensional geometries of the compound eye camera were determined by

micro X-ray tomography (MicroXCT 400, Xradia). Fig. S11a shows the MicroXCT system. 

The sample was mounted on a rotation stage and exposed to the X-ray beam field. Two 

different magnifications, i.e., 0.5x and 4x, were used to capture the whole sample and to 

reveal additional details of specific areas, respectively. During MicroXCT imaging, the 

sample was scanned using an X-ray source at 40 KeV and 200 uA, and 700 projections were 

collected as the sample was rotated stepwise over 180 degrees with a 8 second exposure time 

for each projection. The shadow images were then processed to reconstruct 2D radiographic 

cross-sectional image stacks by using the TXM Reconstructor software (Xradia). The 

distances of the sample to the X-ray source and to the detector were 150 mm and 50 mm, 

respectively. The resulting voxel (volume pixel) size was 7.46 μm3. The field of view was 

approximately 8000 μm x 8000 μm. Afterwards, the reconstructed images were viewed as 

3D volume with TXM 3D Viewer (Xradia). Further image processing was performed using 

the visualization software package (Amira 5.4.2, Visage Imaging) for reconstructing and 

rendering 3D virtual images of compound eye camera. For quantitative analysis of 

reconstructed images, 3D metrology software (Geographic Qualify 2012, GeoMagic Inc., 

USA) was used.

7. Hemispherical imaging simulation and image acquisition

A unique feature of compound apposition imagers is complete optical isolation of 

each ommatidium, thereby allowing their independent operation.  The result is extreme 

visual acuity.  Exploiting the inherent parallel nature of compound system is also a key 
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feature of effective optical simulations needed to guide engineering design choices.  An 

optical model was constructed on the assumption that the ommatidia differ only by their 

positions in the camera.  A physically correct ray tracing model was first developed to 

simulate a single ommatidum (GNU Goptical, C++ optical design and simulation library)7.

Fans of ~350 randomly distributed rays were propagated through the system and intercepted 

at the detector surface. Origins of the fans are located at a Lambertian surface placed in 

front of the camera with intensities that correspond to the object located at this surface.

Modeling of the full compound eye model relied on the combination of individual 

single ommatidium models calculated in parallel fashion.  Figure S14 shows a flow chart of 

the simulation process. The first stage is to build a set of single optical unit models, initialize 

them with corresponding ommatidium positions, supply the object to image (30×30 mm, png 

file) and provide scan pass for the camera.  The second stage is the simulation run itself. A

virtual cluster (180 in total) is allocated for every ommatidium8. The number of nodes in 

each cluster corresponds to number of lines in the object (usually 300).  The result of the 

simulation is the set of files containing rendered information for every ommatidium/object 

line combination. The last step is the post-processing procedure of compiling a final image 

from generated data. 

Figure S17 demonstrates the optical setup used to image with the apposition 

compound eye camera.  Diffusive light from an array of light emitting diodes (MB-

TBL1X1-W-24, Metaphase Technologies, Inc., USA) provides uniform, white illumination of 

mounted objects, consisting of a transparency mask with various patterns on an opaque 

background.  Unlike single-lens systems (i.e. camera-type eye), the transmitted light is 

directly collected by each ommatidium of the compound eye camera without any need in 

external optics.  In order to improve the effective resolution, a scanning procedure was

employed, in which the camera was rotated from -5.5° to 5.5° in the azimuthal and polar 

directions, in 1.1° increments.  Photocurrent generated at each detector was recorded at 

every scanning step. The recorded photocurrents are digitized for image construction. The 

process was designed such that the photodiodes always stay in detectors sphere of the camera.  

This allows high resolution image construction on the hemisphere that matches the detector 

plane.  The distribution of ommatidial axis densities across the fields of view of the 

compound eye is non-uniform.  An adequate mapping algorithm was implemented in the 

image rendering process to compensate for overlapping of the visual fields that can occur 
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during the scanning procedures as well as to eliminate areas mapped by non-working pixels.

The performance of the camera can be defined by quantitatively comparing 

experimentally collected images to those generated by simulation.  Specifically, we 

calculated a comprehensive, parametric set of two dimensional cross correlations between 

experimentally acquired and simulated images.  The standard “correlate2d” function from 

“signal” module of the “Scientific Python” (http://www.scipy.org/) was used for this purpose.  

The maximum of the output array from this module defines the number of similar pixels 

between the images.  Dividing by total number of pixels and multiplying result by 100 

defines a correlation percentage.
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Figure S1. (left) Photograph of precisely machined aluminum block (i.e. mold) with
concave-shaped depressions that correspond to arrays of microlenses and cylindrical
supporting posts and molded replica in PDMS. (right) Magnified view of left picture.
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Figure S1
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Figure S2

Figure S2. (a) Exploded view schematic illustration of the layout of a silicon photodiode
and a blocking diode, along with metal and polymer layers associated with a single unit
cell in the array. (b) Photograph of a 16x16 array. (c) I-V curve of a single PD/BD with and
without illumination.
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Figure S3

Figure S3. Illustration of steps for transferring and bonding electrical and optical sub-
systems.
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Figure S4. Schematic cross-sectional view of a segment of an apposition eye imager with
key parameters in a flat (top) and hemispherical (bottom) shape. The frame on the right
provides a detailed view of a single ommatidium.
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Figure S5. (a) Inter-ommatidial angle as a function of the height of the hemispherical
compound eye structure. (b) Determination of microlens parameters via ray tracing
calculation.
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Figure S6. (a) Experimental setup for measurement of acceptance angle. (b) Experimental 
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Figure S7. Cross sectional schematic illustration of the layout of four adjacent ommatidia
with key dimensions, determined by optical calculation.
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Figure S8. (a) Exploded view illustration of the components of the apposition eye camera:
perforated sheet of black PDMS, hemispherical array of microlenses and
photodiodes/blocking diodes, thin film pinouts for external interconnects, and a
hemispherical supporting substrate of black PDMS (b) Integrated form of the components
shown in (a). (c) Images of black matrix (top), microlenses and photodiode/blocking diode
arrays with a cover assembly for the hydraulic system (second top), polyimide film with
metal electrodes (third top), and black hemispherical support (bottom).
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Figure S8
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Figure S9. Variable names and geometries corresponding to an analytical model of a
PDMS membrane with an array of microlenses, with corresponding key dimensions.
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Figure S10. Measurements of (a) height and (b) radius of curvature of the lens surface as
a function of applied hydraulic pressure. The results reveal changes that are quantitatively
consistent with analytical calculations of the mechanics (analytical; red lines) and finite
element analysis (FEA, green line).
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Figure S11. (a) Micro X-ray computed tomography (XCT) system for 3D image acquisition.
(b) Radiographic image of the compound eye camera captured by XCT. (c) Reconstructed
3D virtual images. The top and bottom frames correspond to the microlens arrays and the
buried metallic interfaces, respectively. In the bottom frame, the microlenses were set to
be transparent by adjusting the parameters for color rendering.
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Figure S11
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Figure S12. (a) (top) 3D rendered surface of a compound eye imager and (b) cross-
sectional image. (b) Histogram of extracted radius of curvature of microlenses for (left) flat
and (right) hemispherically deformed geometry.
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Figure S13. (Top frames) Color maps of FEM simulation results for the radii of curvature
(r) of microlenses in x- and y-directions (left and right, respectively). (bottom frames)
(Bottom frames) Color maps of FEM simulation results for ∆Φ (left) and angles of tilt of
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Figure S15. Two-dimensional, overlaid image of duplicated ‘+’ pattern at each microlens
on over 180 pixel positions, simulated by ray-tracing. The inset on the right shows the
original pattern. The green squares indicate locations where the photodiodes overlap with
the duplicated ‘+’ images.
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Figure S15
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Figure S16. Contour maps of photocurrent recorded from a working camera used in the
imaging experiments (a) in a bright light and (b) in a dark environment.
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Figure S17. Photographs of the optical setup for image acquisition with (a) single and (b)
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Figure S18. Images of a fly with 10 different cut-off levels computed by ray-tracing
analysis at three different distances. The image in the dashed box corresponds to the left
image of Fig. 3c.
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Figure S19. Images of a ‘Horus eye’ with 10 different cut-off levels computed by ray-
tracing analysis at three different distances. The image in the dashed box corresponds to
the right image of Fig. 3c.
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Figure S20. Representative imaging results for four different line art images captured with
a hemispherical, apposition compound eye camera and rendered on a hemispherical
surface that matches the shape of the device.
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Figure S21. Images of illuminated laser spot on the camera at a nine different incident
angles (from 0° to 80° in θ direction and from 20° to 80° in φ direction with 20° steps),
rendered on a hemisphere surface
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Figure S22. (top) Images of a 3D box captured at four different distances from the camera.
(bottom) corresponding simulation images
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Figure S23. (top) Images of a 3D box captured at four different distances but with the
same angular size. The sizes of object panels proportionally increase as the distance
increases. (bottom) corresponding simulation images
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