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Materials and Methods 
Sample Collection and Preparation 
 

A. granulata were collected from Tavernier, FL in August of 2011 and stored in a 70% 
ethanol solution until experimentation. To prepare samples for polarized light microscopy, 
nanoindentation and electron backscattered diffraction, dried valves were first embedded in a 
room temperature curing epoxy. After curing for ~24 hours, the specimen was sectioned with a 
diamond saw (IsoMet 5000, Buehler, Lake Bluff, IL), polished (Model 920, South Bay 
Technology, CA) stepwise with aluminum oxide pads (15 µm, 5 µm, 3 µm, and 1 µm), and 
finely polished with 50 nm silica nanoparticles on cloth (MultiTex, South Bay Technology, CA).  
 
Material Characterization 
 

Light Microscopy. An Olympus SZX16 (Tokyo, Japan) microscope was used to image areas 
of the dorsal shell surface containing multiple eyes. Polished cross-sectional samples were 
imaged with polarized light using a Nikon Eclipse L150 (Tokyo, Japan).  

 
Micro-Computed Tomography (µCT) & Morphometric Measurements. Dried fractured 

pieces, approximately 1 mm3 in size, of A. granulata valves were scanned with an energy of 18 
keV and a resolution of 0.74 µm/voxel at beamline 2-BM of the Advanced Photon Source of 
Argonne National Laboratory. Mimics (Materialise, Belgium) was used for image segmentation 
and construction of three-dimensional triangulated surface meshes (binary STL format). Cross-
sectional meshes were created using the cut function of the simulation module Mimics. For 
figure creation, meshes were reduced in file size as needed via the smooth, reduce, and remesh 
functions of 3-matic (Materialise, Belgium) and rendered using Blender (www.blender.org). 
Open-source image analysis software ImageJ was used to make all morphometric measurements. 
The table in fig. S3 represents the averages and standard deviations of measurements of 7 eyes. 
The curvatures of the top and bottom surfaces of the longitudinal and transverse cross sections of 
the lens region were fit from the aggregation of data from 7 lenses. 29 points were collected from 
each surface of each lens.  

 
Focused Ion Beam (FIB) Milling & Electron Microscopy. Dried fractured pieces of A. 

granulata valves were fixed on a scanning electron microscopy (SEM) aluminum holder with 
carbon tape. Samples were coated with carbon to minimize charging effects. A Helios Nanolab 
600 Dual Beam (FEI, OR) was used for SEM imaging at acceleration voltage of 2-4 kV and 
working distance of ~4 mm. Several cross-sectional and transmission electron microscopy 
(TEM) samples were prepared with FIB milling using the same system. Due to the large and 
complex geometry of the eyes, a protocol for preparing TEM samples (fig. S14) was developed: 
1) A platinum protective layer (~0.5 µm) was first deposited on top of the lens region of an 
individual eye; 2) A second platinum protective layer (~3 µm) was deposited on top of a 
rectangular region of interest (~20 µm × 100 µm), which was to be milled out; 3) Four trenches 
surrounding the rectangular region were milled by FIB (30 kV, 9.5 nA), creating a cross-
sectional slab of the lens region (fig. S14B); 4) The slab was attached to an in situ OMNI probe 
via platinum deposition and lifted out (fig. S14C); 5) The slab was transferred via FIB and 
platinum deposition from the OMNI probe to a tungsten needle that was fixed to an SEM holder 
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with carbon tape (fig. S14D); 6) Multiple TEM samples of the lens region with a variety of 
orientations were prepared using the procedure (fig. S14E and F): 6.1) Deposition of a 
protective platinum layer (~3 µm); 6.2) Stepwise FIB milling from 30 kV to 2kV; 6.3) Lift-out 
via an in situ OMNI probe via platinum deposition; 6.4) Attachment to a copper TEM grid and 
final FIB thinning and polishing (2 kV, 28 pA). Bright field TEM imaging and SAED were 
carried out using a JEOL 2011 operated at 120 kV to minimize beam damage. The image 
magnification and camera constants were calibrated using a standard sample (MAG*I*CAL, 
Electron Microscopy Sciences, PA, USA). A field emission JEOL 2010F, operated at 200 kV, 
was used for HRTEM imaging.  

 
Energy-Dispersive X-ray Spectroscopy (EDX). EDX measurements of the lens region were 

conducted on FIB-polished cross sections with a Helios Nanolab 600 Dual Beam (FEI, OR) 
equipped with an INCA EDX system (Oxford Instruments) at an accelerating voltage of 20 kV.  

 
Electron Backscattered Diffraction (EBSD). Finely polished cross-sectional samples were 

coated with an ultra-thin layer of carbon and mounted on 70° pre-tilted stage. EBSD was carried 
out using a Helios Nanolab 600 Dual Beam system (FEI, OR) equipped with the HKL 
Technology “Channel 5” system. EBSD patterns were generated using a working distance of 6 
mm, a step size of 1 µm, an accelerating voltage of 20 kV and a beam current of 2.7 nA.  

 
 
 
Simulations and Experimental Measurements of the Optical Performance of the Eyes 

 
Ray-Trace Simulations. The ray tracing program was written in IGOR Pro (WaveMetrics). 

As shown in fig. S11, each 2D simulation was repeated for each cross section of the lens region 
(longitudinal and transverse), refractive index of the lens (ordinary and extraordinary rays), and 
external environment (air and seawater). Thus, eight (2 × 2 × 2) measurements were made for 
each optical quantity. All the interfaces were modeled as parabolic (fig. S5).  

 
Refractive Indices Used In Ray-Trace Simulations. The refractive indices used for air and 

seawater were 1 and 1.336 (18), respectively. Since the cornea is continuous with granular 
microstructure of the non-sensory regions, which has a weak texture, it was given a refractive 
index of 1.632, the average of the three indices of aragonite (28). Although aragonite is a biaxial 
crystal, the pseudo-hexagonal symmetry about its c-axis allows it to be approximated as uniaxial 
with no = 1.683 and ne = 1.530 (28). The optical properties of uniaxial crystals are only 
dependent on the polar angle θ that the incident wave vector forms with the optical axis, and not 
on the azimuthal angle (29). While no does not vary with θ, ne is given by (29):  

 

𝑛!(𝜃) =
𝑛!𝑛!

𝑛!!cos! 𝜃 + 𝑛!!sin! 𝜃
!/!
  

 

 
Since the c-axis is oriented ~45° from the surface normal, the refractive indices of the lens were 
approximated as no = 1.683 and ne(45°) = 1.601, assuming normal incidence. The thin organic 
layer underneath the lens, L1, was modeled as chitin (n = 1.435 (30)), a major component of the 
organic matrix of chiton shells (22). Since L2 is calcified and amorphous, it was given a 
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refractive index of 1.58, a value that lies in the experimentally determined range of ACC, 1.579-
1.583 (31), and has been used to calculate the focal lengths of ACC microlenses (32). The 
photoreceptive region was given a refractive index of 1.36, which has been used to model the 
retinal receptors of jellyfish eyes (33).  
 

Rear Focal Point (F). The rear focal points of the lens region were measured by ray tracing 
(fig. S11). Simulations included 37 normally incident rays centered about the optical axis with a 
ray-ray separation distance of 1 µm. The incident spot size, 36 µm, reflects the minimum 
simulated entrance pupil diameter, D. The location of the rear focal points were measured to the 
nearest micron by plotting the constructive overlap of the refracted rays in image space (fig. 
S11). In each simulation, the 1 µm2 region with the greatest intensity was considered to be the 
position of the rear focal point, F.  

 
Rear Principal Point (P). The locations of the rear principal points were measured to the 

nearest micron via ray tracing by considering a single incident ray propagating in object space, 
parallel to and 15 µm away from the optical axis of the lens, which focuses on the rear focal 
point (fig. S16). The emerging ray appears to be singularly refracted at an imaginary surface 
located at the position of the rear principal point, P (34).  

 
Rear Focal Length (f). The rear focal length, f, was calculated using the thick lens equation:  
 

𝑓 = 𝐹 + 𝑃 
 

Field of View (α). The field of view, α, was measured to the nearest 2.5 microns via ray 
tracing using an incident spot size of 25 µm and a ray-ray separation distance of 1 µm. We 
define the field of view as the maximum incidence angle of light, α, relative to the optical axis, 
that is capable of being focused a distance d orthogonally away from the optical axis such that d  
≤ (wc

T/2), where wc
T is the maximum width of the chamber in the transverse cross section. This 

criterion ensures we selected the largest value of α that can produce a rear focal point inside the 
chamber of the eye.  

 
Angular Resolution (Δφ). The photoreceptors within the eye chamber were assumed to be 

contiguous, which makes the angular resolution approximately equal to the inter-receptor angle, 
Δφ. The interceptor angle is given by (24):  

∆𝜑 = tan!!
𝑠
𝑓  

 
where s is the photoreceptor spacing, which is ~7 µm in A. granulata.  
 

Entrance Pupil Diameter (D). The entrance pupil diameter, D, was measured via ray tracing 
to the nearest micron. We define D as the largest width of normally incident light, centered about 
the optical axis, which can be focused by the lens system into the chamber below without 
producing any total internal reflections.  

 
F-number. The F-number is defined as (f/D) (34), where D is the entrance pupil diameter 

and f is the rear focal length.  
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Sensitivity (S). The chiton Acanothopleura granulata is an intertidal animal, so we 

estimated the sensitivity, S, of its eyes using a formula appropriate for eyes operating under 
broad spectrum “white” light (35):  

 

𝑆 =
𝜋
4

!
𝐷! ∆𝜌 ! 𝑘𝑙

2.3+ 𝑘𝑙  
 

where D is the entrance pupil diameter, Δρ is the angle in space over which each receptor accepts 
light, k is the absorption coefficient, and l is the length of the rhabdoms of the microvillous 
photoreceptors. For single-chamber eyes such as those of chitons, Δρ is approximately equal to 
the inter-receptor angle, Δφ. For A. granulata, l is ~8 µm (18), which is consistent which Boyle’s 
work on Onithochiton neglectus (23), in which l is ~10 µm. Note that this length refers to the 
length of the photoreceptive region of the photoreceptors (i.e. the rhabdoms), not to the entire 
axial length of the photoreceptors. We approximated k as 0.0067 µm-1, a value which is based on 
absorption measurements of photoreceptors from the lobster Homarus americanus (36), and is 
often used to calculate the sensitivity of rhabdomeric photoreceptors of invertebrates (35). The 
actual sensitivity will also depend on spatial summation, temporal summation, wavelength-
specific absorption, and the spectral composition of the light environment of A. granulata.  

 
Image Formation & Experimental Measurements of Rear Focal Length (f). Valves of A. 

granulata were carefully fractured with tweezers to obtain small fragments of the outer shell 
layer in which the bottom surfaces of lenses were revealed. These fragments were mounted on a 
small needle on a 3-axis stage positioned underneath a 63× water immersion objective. A chrome 
mask containing printed objects of known size derived from the 1951 USAF resolution test chart 
(http://www.efg2.com/Lab/ImageProcessing/TestTargets/#USAF1951) was placed below each 
sample. Each sample was oriented such that the dorsal shell surface was facing and parallel to 
the surface of the underlying chrome mask. Next, a small drop of water was placed on the 
chrome mask, and then the sample was lowered into the water. To locate the ventral surface of 
individual lenses, the 63x immersion objective was brought into focus using illumination from 
the microscope. To create objects, the chrome mask was illuminated from below through a 10x 
objective using a ThorLabs (Newton, NJ) L2-1 source. Images of these objects formed by 
individual lenses were brought into focus using the 63x immersion objective. To calculate the 
focal length of each lens, the object distance was varied using the “z”-translation stage of the 
sample. At each object distance, the image size was measured independently by 3 authors, and an 
average image size was calculated. Since the object sizes were known, we were able to calculate 
the magnification, M = (hi/ho), where hi and ho are the heights of the image and object, 
respectively. The object distance and magnification data were fit to the linear thick lens equation:  

 
1
𝑀 =

𝑧
𝑓 +

𝑧!
𝑓 − 1  

 
where zo is the initial object distance from the front principal point P*, and z is the object 
distance away from zo. The focal length, f, was calculated from the slope.  
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Mechanical Tests 
 

Nanoindentation.  Nanoindentation experiments on finely polished cross-sectional samples 
were conducted in ambient conditions using a TriboIndenter (Hysitron, MN, USA). Blunt 
Berkovich (trigonal pyramid, semi-angle = 65.3°) and sharp conospherical (tip radius ~1 µm, 
semi-angle = 30°) diamond probe tips were used to obtain quantitative material properties (EO-P 
and HO-P) and investigate fracture behavior, respectively. Typical load functions included 
loading (10 s) to the maximum load (5 mN), holding (20 s), and unloading (10 s). The Oliver-
Pharr (O-P) methodology was used to quantify material properties, i.e. indentation modulus (EO-

P) and hardness (HO-P). The probe tip area function, A(hc), which is the projected area of the 
indentation tip as a function of contact depth, hc, and frame compliance were calibrated prior to 
each set of experiments using a fused quartz sample.  

 
Microindentation. Microindentation experiments on intact shell plates were conducted in 

ambient condition using an instrumented microindenter (MicroMaterials). A flat punch tip 
(diameter of bottom surface, ~80 µm) was used to compress the eyes, megalaesthetes, and 
protruding non-sensory regions. Typical load functions included loading (30 s) to a maximum 
load (~1 N), holding (5 s), and unloading (30 s). For each of the three regions of the shell 
surface, five microindentation tests were performed. Due to natural variations in the topography 
of the shell surface, the microindentation tests did not have comparable boundary conditions to 
the nanoindentation tests, which were performed on finely polished cross sections. The post-
indentation residues were imaged via SEM using a Helios NanoLab 600 Dual Beam (FEI, OR).  

Supplementary Text 
Intra-Chamber Calcified Material (ICCM) 
 

Highly X-ray absorbent structures were discovered within the chambers of the 
megalaesthetes and eyes (fig. S2). These structures were found containing calcium (Fig. 2C), so 
we denote them as intra-chamber calcified material (ICCM). In megalaesthetes, the ICCM 
consist of rod-shaped structures. The long axes of the rods are approximately parallel to the long 
axis of the megalaesthete chamber (Fig. 1F). In eyes, the ICCM forms a “c”-shaped pocket that 
likely encircles the retina (Fig. 1G).  ICCM was not uncovered earlier probably for two reasons. 
First, prior studies of the interior structure of megalaesthetes and eyes focused on living tissues, 
so samples were decalcified (18, 23). Secondly, ICCM is easily destroyed by polishing (Fig. 
2A), and perhaps other common sample preparation techniques. SAED revealed that the ICCM 
is amorphous (Fig. 2H). Therefore, we hypothesize that the ICCM is composed primarily of 
amorphous calcium carbonate (ACC). Although to date the only mineral component found in 
chiton shell plates has been aragonite (22), ACC is an established precursor to crystalline CaCO3 
in other groups of mollusks (37).  

 
Additional Metrics of the Optical Performance of the Eyes 
 

Ray tracing was used to measure the entrance pupil diameter, D, which is ~40 µm (fig. 
S11). The entrance pupil diameter was used in turn to calculate the F-number, which we define 
as (f/D), where f is the rear focal length. The resultant average F-number, 1.2 is similar to that of 
common fish eyes (38). Image brightness is known to be proportional to (F-number)-2 (24).  We 
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also calculated the sensitivity, S, of chitons eyes to be between 0.2-1.2 µm2 sr. This range is 
typical of diurnal shore-dwelling invertebrates such as the crab Leptograpsus (24). The full angle 
field of view, 2α, of an individual eye was determined to be between 60-75° via ray-tracing (fig. 
S11 and fig. S15).  
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Fig. S1. 
Photograph of A. granulata. Red arrows indicate representative regions of the shell that 
contains eyes. The dark pigmented areas that surround each eye are visible. 
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Fig. S2 
Synchrotron µ-CT reconstructions of the sensory structures integrated with the outer shell 
layer (A and B) Transverse and longitudinal, respectively, cross-sectional tomographic slices of 
an eye. (C) Longitudinal cross-sectional slice of a megalaesthete. Highly X-ray absorbent 
material is clearly visible inside the chambers of both sensory structures. This material was 
found to be calcified, so we refer to it throughout this paper as intra-chamber calcified material 
(ICCM). (D and E) 3D reconstructions of a megalaesthete and an eye, respectively. (F and G) 
3D reconstructions of the non-calcified (minimally X-ray absorbent) volumes of the 
megalaesthetes and eyes, respectively. These volumes represent the chambers which contain soft 
sensory tissues. Numerous small sensory structures, micraesthetes, branch from these chambers 
to the shell surface. 
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Symbol Description Measurement 
(µm) Method 

tCor Thickness of Cornea ~5 OM 
tCor + tLens Thickness of Cornea and Lens 38 ± 2 µCT 

tL1 Thickness of Layer L1 ~2 SEM 
tL2 Thickness of Layer L2 ~2 SEM 

tICCM Depth of ICCM Below Lens 8 ± 1 µCT 
tC Distance from Bottom of Lens to Back of Chamber 56 ± 7 µCT 

wC
L Maximum Width of Chamber in "L" Cross Section 108 ± 7 µCT 

wC
T Maximum Width of Chamber in "T" Cross Section 76 ± 5 µCT 

wo
T Width of Bottom of Lens in "T" Cross Section 35 ± 2 µCT 

wLens region
T Width of Lens Region in "T" Cross Section ~52 µCT and fitting 

wLens region
L Width of Lens Region in "L" Cross Section ~56 µCT and fitting 

 

Fig. S3 
Morphometric measurements of the eyes of the chiton A. granulata. (A) Schematic diagram 
defining the morphometric dimensions. (B) Table displaying the average (± standard deviation) 
values of measurements from 7 eyes. Abbreviations: T, Transverse; L, Longitudinal; ICCM, 
Intra-chamber calcified material. 
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Fig. S4 
SEM image of a FIB-prepared cross section of the lens region of an eye of the chiton A. 
granulata. Intra-chamber calcified material (“ICCM”) is abundant below the lens. 
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Fig. S5 
Average cross-sectional geometry of the lens region of the eyes of chiton A. granulata. (A) 
Contours (dotted-lines, 29 points per line) of the top and bottom surfaces of the transverse (left) 
and longitudinal (right) cross sections of the lens regions from 7 eyes measured via synchrotron 
µ-CT. Parabolic and spherical fittings are superimposed with the dotted-contours. The encircled 
area includes the cornea and the lens. (B) Spherical and parabolic fittings of the cross-sectional 
curvatures of the top and bottom surfaces of the lens region. 
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Fig. S6 
Integration distribution of the tilt angle of the aragonite c-axis from the lens (black) and 
adjacent non-sensory (blue) region with respect to the normal of the cross section. A light 
micrograph of the cross section used is displayed in Fig. 2A. The red curve represents a Gaussian 
fit of the data from the lens. 
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Fig. S7 
EBSD pole figures of the lenses of two adjacent eyes (A) Polarized light micrograph of a 
polished transverse cross section of the shell containing two eyes. (B) EBSD pole figures of the 
two lenses. 
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Fig. S8 
EBSD maps from the lens and non-sensory regions the outer shell layer of the chiton A. 
granulata. (A) Map of the lens region illustrating the large grains of the lens. (B) Map of a non-
sensory region illustrating its small grains. 
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Fig. S9 
SEM images from a polished cross section of the outer shell layer of the chiton A. granulata. 
(A) Lens of an eye. Yellow arrows indicate the faint grain boundaries. (B) Granular 
microstructure of the non-sensory regions. 
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Fig. S10 
TEM images of the lens and non-sensory granular regions (A) High resolution TEM image of 
a lens. (B) Bright field TEM image of the non-sensory region, which shows distributed 
nanoscopic inclusions within the small crystalline grains. Notice that the orientations of the 
inclusions are different in adjacent grains, which is probably related to their crystallographic 
misorientations. 
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Fig. S11 
2D ray-trace simulations of an eye of the chiton A. granulata. “Air” and “Water” indicate 
external environments of air and seawater, respectively. “T” and “L” indicate transverse and 
longitudinal cross-sectional geometries, respectively. For each simulation condition, the ray 
diagrams and intensity plots near the focal points are shown in the left and right columns, 
respectively. The intensity plots display the percentage of the overall intensity of incident light 
converging in each 1 µm2 region. 
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Fig. S12 
Double image of the number “4” produced by the birefringent lens of an eye of the chiton 
A. granulta. 
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Environment Polarization Orientation F Astigmatism P f 2α s(Δφ
=9°) 

Δφ(s=7 
µm) dpupil 

F-
number S 

   µm µm µm µm ° µm ° µm  µm2 
sr 

Air 
Ordinary 

Transverse 8 
13 

23 31 70 5 13 41 0.8 1.2 
Longitudinal 21 18 39 75 6 10 38 1.0 0.6 

Extraordinar
y 

Transverse 12 
16 

25 37 70 6 11 38 1.0 0.7 
Longitudinal 28 21 49 70 8 8 37 1.3 0.4 

Water 
Ordinary 

Transverse 25 
10 

17 42 70 7 9 40 1.1 0.6 
Longitudinal 35 13 48 75 8 8 38 1.3 0.4 

Extraordinar
y 

Transverse 34 
17 

18 52 60 8 8 40 1.3 0.4 
Longitudinal 51 14 65 60 10 6 38 1.7 0.2 

 

Fig. S13 
Metrics of the optical performance of individual eyes derived from 2D ray-trace simulations. A schematic diagram illustrating 
the relevant cardinal points of the thick lens (F and P) can be found in fig. S17. Abbreviations: F, rear focal point; P, rear principal 
point; f, rear focal length; 2α, full-angle field of view; s, photoreceptor spacing required to generate an angular resolution of 9 degrees; 
Δφ, angular resolution assuming a photoreceptor spacing of 7 µm; dpupil, entrance pupil diameter; S, sensitivity.
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Fig. S14 
Preparation procedure of TEM samples from the lens region of eyes. 
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Fig. S15 
Schematic diagram illustrating the criterion used to determine the field view. We 
define the field of view as the maximum incidence angle of light, α, relative to the optical 
axis, that is capable of being focused a distance d orthogonally away from the optical axis 
such that d  ≤ (wc

T/2), where wc
T is the maximum width of the eye chamber in the 

transverse cross section. 
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Fig. S16 
Schematic diagram of the thick lens system of an eye. Abbreviations: F, rear focal 
point; f, rear focal length; P, rear principal point; P*, front principal point; z’, image 
distance; z, object distance. 
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Movie S1 
3D visualization of an eye chamber of the chiton A. granulata. The 3D data was 
processed from synchrotron X-ray tomography data and the negative of the eye chamber 
was used for the 3D rendering (also see Fig. S2).  
 

Movie S2 
3D visualization of a megalaesthete channel of the chiton A. granulata. The 3D data was 
processed from synchrotron X-ray tomography data and the negative of the 
megalaesthete channel was used for the 3D rendering (also see Fig. S2).  
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