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Abstract

Bioinspired design is an emerging field that takes inspiration from nature to develop high-performance materials and devices. The sea urchin
mouthpiece, known as the Aristotle's lantern, is a compelling source of bioinspiration with an intricate network of musculature and calcareous
teeth that can scrape, cut, chew food and bore holes into rocky substrates. We describe the bioinspiration process as including animal
observation, specimen characterization, device fabrication and mechanism bioexploration. The last step of bioexploration allows for a deeper
understanding of the initial biology. The design architecture of the Aristotle's lantern is analyzed with micro-computed tomography and individual
teeth are examined with scanning electron microscopy to identify the microstructure. Bioinspired designs are fabricated with a 3D printer,
assembled and tested to determine the most efficient lantern opening and closing mechanism. Teeth from the bioinspired lantern design are
bioexplored via finite element analysis to explain from a mechanical perspective why keeled tooth structures evolved in the modern sea urchins
we observed. This circular approach allows for new conclusions to be drawn from biology and nature.

Video Link

The video component of this article can be found at https://www.jove.com/video/53554/

Introduction

The fields of biology, biological materials science, biomaterials, bioengineering and biochemistry employ the premiere scientific techniques and
minds in an attempt to provide a deeper understanding of the incredible natural world. This research has explained many of the most amazing
biological structures and organisms; from the intrinsic toughness of human bone1,2 to the large beak of the toucan3. However, much of this
knowledge is difficult to employ in a manner that can provide a benefit to society. As a result, the tangential field of bioinspiration employs the
lessons learned from nature to modern materials in order to solve common problems. Examples include superhydrophobic surfaces inspired by
lotus leaves4-6, adhesive surfaces inspired by the feet of geckos and insects7,8, tough ceramics inspired by the nacre of abalone9-11 and biopsy
harvesters inspired by the mouthpiece of the sea urchin, also known as the Aristotle's lantern12,13.

Sea urchins are invertebrate animals covered with spines whose habitat most commonly consists of the rocky beds on the ocean floor. The
body (called a test) in the largest urchin species can be more than 18 cm in diameter; test size in pink sea urchins (Strongylocentrotus fragilis)
examined in this study can grow to 10 cm diameter. The Aristotle's lantern is composed of five predominately calcium carbonate teeth supported
by pyramid structures composed of mineralized tissue and arranged into a dome-like formation that enclose all but the distal grinding tips of the
teeth (Figure 1A).

The muscle structure of the jaws is capable of efficient chewing and scraping even against hard ocean rocks and corals. When the jaws open,
the teeth protrude outwards and when the jaws close, the teeth retract inwards in a single smooth motion. Comparison between primitive (above)
and modern (below) sea urchin tooth cross-sections (Figure 1B) indicates that a keeled tooth evolved to strengthen the tooth when grinding
against hard substrates. Each individual tooth has a slightly convex curvature and a T-shaped morphology in the transverse plane (normal to the
growth direction) due to the longitudinally attached keel (Figure 1C, D).

Bioinspiration begins with observation of interesting natural phenomena, such as the efficient chewing motion of the Aristotle's lantern in sea
urchins. This natural structure initially captivated Aristotle because it reminded him of a horn lantern with the panes of horn left out. More than
two millennia later, Scarpa was fascinated by the complexity of the Aristotle's lantern that he and later Trogu mimicked the natural chewing
motion using only paper and rubber bands (Figure 2A)15,16. Similarly, Jelinek was bioinspired by the chewing motion of the Aristotle's lantern and
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developed a better biopsy harvester that could safely isolate tumorous tissue without spreading cancerous cells (Figure 2B, C)12,13. In this case,
bioinspired design was utilized to make a biomedical device that fit a specific need for a desired application.

The design protocol described here applies to a sediment sampler bioinspired by sea urchins. Through biological materials science, the natural
structure of the Aristotle's lantern is characterized. Bioinspired design identifies potential applications where the natural mechanisms can be
enhanced through the use of modern materials and fabrication techniques. The final design is re-examined through the prism of bioexploration to
understand how the natural tooth structure evolved (Figure 3). The last bioexploration step, proposed by Porter17,18, uses engineering analysis
methods to explore and explain biological phenomena. All the important steps of the bioinspiration process are presented as an example
for harnessing technology, pre-approved by nature, which can be used for solving modern problems. Our protocol, motivated by previous
bioinspiration procedures presented for specific applications by Arzt7, is targeted for biologists, engineers and anyone else who is inspired by
nature.

Protocol

1. Biological Materials Science

1. Wear personal protective equipment (i.e., gloves, safety glasses and lab coat) and follow all applicable safety procedures for using dissecting
tools.

2. Rinse off the forceps and scalpel with distilled water to use for dissection.
3. Thaw a frozen pink sea urchin at RT for 1 hr. Place a thawed specimen in a glass dish with sufficient space to be able to maneuver the urchin

and cutting tools. Turn the urchin upside down so that the teeth tips face up.
1. Cut away the connective tissue around the perimeter of the Aristotle's lantern with the scalpel and carefully lift out the lantern. Rinse the

lantern off with running distilled water. Discard unused urchin parts in a proper waste disposal container.
2. Turn the Aristotle's lantern over again so the tips of the teeth face down. Locate the plumula end of each tooth (opposite to the tip)

facing up and use the forceps to carefully slide out individual teeth from the lantern.

4. Prepare epoxy to pot the teeth. Weigh 5 g of resin and add 1.15 g of hardener (e.g., 100 parts resin to 23 parts hardener by weight) in a
shallow disposable plastic tray. Mix contents together slowly without forming bubbles.
 

Note: Do not leave leftover mixed epoxy in a container with insufficient exposure to the atmosphere. The curing process is exothermic and
can ignite nearby flammables. Keep any leftover mixed epoxy in a well-ventilated fume hood away from flammable items.

1. Lubricate a 2.5 dram plastic tube (22 mm inner diameter, 39 mm length) using petroleum jelly applied with a finger and wipe off any
excess with a tissue. Fill up the tube halfway with mixed epoxy.

2. Use the forceps to pick up a tooth and carefully submerge it in the epoxy with the curved concave side facing up. Let the epoxy cure at
RT for 24 hr.
 

Note: Prevent the tooth tip from drifting to touch the plastic tube wall as the epoxy cures since this will make polishing the tip more
difficult.

5. Place the plastic tube with cured epoxy in a vise. Tighten the vise slowly until a fissure is made in the plastic tube. Peel away residual plastic
from the epoxy surface.

1. Use a sectioning saw to cut the epoxy around the tooth down to a smaller block (1 cm3).

6. Prepare a clean area for polishing and set up a flat work station with a hard plastic board. Fill a squirt bottle with distilled water.
1. Start with the lowest grit sandpaper available (e.g., 120) and squeeze a small amount of water from the wash bottle onto the

sandpaper. Using light pressure, rub the sample in one back and forth direction (e.g., left-right) for 5 min.
2. Wash off the surface of the sample over a sink and wipe off with a particle-free tissue. Remove any leftover sandpaper grit with

compressed air for 15 sec.
3. Use progressively higher grit sandpaper (e.g., 600 and 2,400) to repeat protocol steps 1.6.1 and 1.6.2. Using light pressure, rub the

sample in a back and forth direction perpendicular to the previous polish step (e.g., up-down, left-right).
 

Note: Use a light microscope at 20X magnification to see perpendicular scratch marks intersect with each grit level (e.g., 120, 600,
2,400). Move to the next higher grit sandpaper when scratch marks from the previous grit level disappear.

4. Prepare a squirt bottle with 3-µm diamond polishing suspension in a 1:1 distilled water solution. Use a polish cloth for diamond
suspensions to repeat protocol steps 1.6.1 and 1.6.2.

5. Prepare a squirt bottle with 0.5-µm alumina polishing suspension in a 1:1 distilled water solution. Use a microcloth polishing surface to
repeat protocol steps 1.6.1 and 1.6.2.
 

Note: Fine scratch marks from protocol steps 1.6.4 and 1.6.5 will not be visible at 20X magnification. For these protocol steps, polish
for 5 min in a back and forth motion to remove all previous scratches.

6. Clean the polished surface with distilled water and use particle-free tissue with compressed air to carefully dry. Wrap with particle-free
tissue to maintain mirror polished finish.
 

Note: Dry all polishing surfaces face down on large particle-free tissues. Store in a plastic sleeve to avoid dust particles settling on the
surface between polishing times.

7. Characterize the sea urchin tooth microstructure using scanning electron microscopy (SEM). Use a sputter coater to sputter iridium with a
deposition current of 85 mA for 10 sec onto the polished tooth surface for a coating thickness of ~20 nm.

1. Obtain micrograph images at 250X - 4,000X magnification using a SEM.
 

Note: Use 5 kV in the scanning electron (SE) mode and 15 kV in the back-scattered electron (BSE) mode. Use BSE mode to identify
calcite fibers interspersed with Mg-enriched polycrystalline matrix.

8. Perform micro-computed tomography (µ-CT) scans of a whole pink sea urchin and a freshly dissected Aristotle's lantern. Position each
thawed sample inside the closed chamber container with a moistened tissue to provide a humidified environment while scanning.
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1. Scan the whole urchin and the Aristotle's lantern by µ-CT with an isotropic voxel size of 36.00 µm and 9.06 µm, respectively. Apply
an electrical potential of 100 kVp and 70 kVp with current of 100 mA and 141 mA, for the whole urchin and the Aristotle's lantern,
respectively, using a 1.0 mm aluminum filter for both.

2. Apply a beam hardening correction algorithm during image reconstruction to account for beam hardening artifacts that result from the
µ-CT x-ray source emitting x-rays of multiple energies using manufacturer's protocol.

9. Use imaging software to refine image segmentation and acquire a triangle mesh model for the Aristotle's lantern structure.
1. Load and preview Aristotle's lantern image data from the µ-CT scan. Match the voxel size (9.06 µm) to the values from the micro-CT

scan.
2. Use a volume rendering function to visualize the Aristotle's lantern in 3D space. Adjust the 2D orthogonal slice with the Bounding Box

module and adjust the threshold value/color with the Volume Rendering module.
3. Make mask segments for the region of interest (e.g., sea urchin tooth) using the segmentation editor. Select XY, YZ, and XZ planes and

the 3D isometric view. Use the magic wand (black arrow) to distinguish between simple structures (tooth vs. pyramid) in the Aristotle's
lantern.

4. Reconstruct the model surface from the extracted mask segments. Select the Surface Generation module and apply. Deselect the
Volume Rendering Settings to have the visible top surface disappear. Add the Surface View module to display the surface result.

5. Simplify the model surface by reducing the number of faces to < 18,000.
6. Edit individual triangle mesh on the model surface as needed. Save the model as a stereolithography (STL) file for exporting to use

with computer-assisted design (CAD) modeling software.

2. Bioinspired Design

1. Use the Aristotle's lantern from the micro-CT scan as a reference to make a bioinspired design with CAD modeling software.
 

Note: The bioinspired design has five curved teeth with height 6 cm and diameter 8 cm for the closed lantern. It is scaled up ~5x from the size
of the natural Aristotle's lantern.

2. Save the STL file parts to a flash drive and upload the files to a fused deposition modeling (FDM) 3D printer.
1. Load acrylonitrile butadiene styrene (ABS) plastic and support plastic material cartridges into the appropriate slots of the 3D printer.
2. Insert the modeling base on the Z platform and align tabs with slots on the metal tray.
3. Open each of the STL file parts and follow the display screen steps to print all the lantern parts at the same time.

 

Note: Lantern parts must fit within the building envelope (25 x 25 x 30 cm3) for the 3D printer. All five teeth are arranged on the
modeling base and printed simultaneously with the tooth tip facing up. The build rate is 16 cm3 per hour and the total build time is
approximately 8 hr.

4. Release the modeling base from the tabs when all file parts are printed and slide the base out of the 3D printer along the tray guides.
5. Use a metal spatula to pry all parts off the base and a metal file to wear down any extra plastic attached to the parts.
6. Place the printed parts into a heated base bath until the support plastic material dissolves.

3. Fasten each tooth to a joint arm with a link rod and two E-retaining rings on either side.
 

Note: Refer to Figure 6 for assembly of the bioinspired Aristotle's lantern.

3. Bioexploration

1. Use the CAD file for the bioinspired tooth to do a finite element modeling (FEM) stress analysis test.
1. Open the file (xx.sldprt) to do further engineering analysis. Above the "Office Products" tab, select the "SolidWorks Simulation" button.
2. Above the "Simulation" tab, select the "Study Advisor" button and then the drop-down option "New Study".
3. Select the type of simulation test to be run by choosing "Static".
4. On the Static Test list, right-click on "Fixtures" and select "Fixed Geometry".
5. Click on the inner faces to add fixtures to the mounting holes where pins will go.
6. On the Static Test list, right-click on "External Loads" and select "Force".
7. Click on the tooth grinding tip faces to apply 45 N force to the edges.
8. On the Static Test list, right-click on "External Loads" and select "Gravity".
9. Indicate "Top Plane" for the gravity force applied normal to the plane.
10. On the Static Test list, right-click on "Mesh" and select "Create Mesh".
11. Move the scale bar for "Mesh Density" all the way to the right for "Fine".
12. On the Static Test list, right-click on "Static" and select "Run" to run the test.

 

Note: The colored scale bar for areas of highest stress and the "Yield Strength".

2. Compare stress analysis test results for the bioinspired tooth with and without the keel.

Representative Results

Bioinspired design of the Aristotle's lantern sampling device depends heavily upon the quality of the characterization methods used. Non-
invasive techniques like µ-CT are helpful for analyzing the whole lantern and individual teeth to apply application specific enhancements for
the bioinspired design (Figure 4). Meanwhile, the tooth microstructure can be explored via secondary electron and back-scattered electron
micrographs of the polished cross-section of an individual tooth (Figure 5). The darker gray region is the harder stone part of the tooth grinding
tip and consists of up to 40 mol % magnesium atoms that replace the calcium atoms.
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Analysis of the tooth microstructure with BSE-SEM (Figure 5) confirmed the structural importance of the Mg-enriched stone part in the tooth
grinding tip. Plate and fiber primary elements (calcite monocrystals, lighter gray in Figure 5C) are connected together by a matrix of secondary
elements (calcite and magnesium carbonate polycrystals, darker gray in Figure 5C), that make up the hardest stone region of the tooth grinding
tip.

The bioinspired lantern was designed with CAD software, 3D printed and assembled (Figure 6) for collection of sand at the beach (Figure 7).
Stress analysis tests were used to calculate the von Mises stress of two tooth designs, one without the keel (Figure 8A) and the other with the
keel (Figure 8B). A solid mesh composed of tetrahedrons was employed over the geometry of the tooth. The force value chosen (45 N) matched
measurements from tests at the beach to penetrate 1 cm deep into hard sand with lantern teeth perpendicular to the surface.

The mass of the keeled tooth design (12.72 g) was compared with that of the non-keeled tooth design (12.26 g) to find a ~4% increase for the
added keel. For 45 N applied force, the maximum stress experienced by the keeled tooth design (10.6 MPa) versus the non-keeled tooth design
(12.6 MPa) was ~16% less for the keeled tooth (Figures 7A, B). The mass increase is small compared with the decrease in stress that the keel
provides. The decrease in stress demonstrates the effectiveness of this bioinspired design for concentration of stress within the keeled region.

 

Figure 1. Sea urchin Aristotle's lantern and tooth morphology. (A) Close-up of the ventral view of a sea urchin (left) and the Aristotle's
lantern (right)13. (B) Cross-sections of the grooved tooth of a primitive cidaroid urchin (top) and the keeled tooth of a modern camarodont urchin
(bottom)14. (C) An isolated tooth seen from its side with the tip (bottom) and indicated keel (left side)20. (D) SEM image of a polished tooth cross-
section with the indicated keel (bottom)20. Images adapted from indicated references for (A), (B), (C) and (D). Please click here to view a larger
version of this figure.
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Figure 2. Bioinspired designs based on the Aristotle's lantern. (A) Isometric view of a drawing for a bionic model of the Aristotle's lantern,
which has 3D printed plastic parts connected by rubber bands (not shown) for the attached musculature16. (B, C) The Aristotle's lantern served
as a biological inspiration for a biopsy harvester13. Please click here to view a larger version of this figure.

 

Figure 3. Four steps of the bioinspiration process. (clockwise from left) The bioinspiration process begins with learning from nature through
observation of the pink sea urchin and the Aristotle's lantern. (top) Analysis of the sea urchin and the Aristotle's lantern structure from µ-CT
scans (left). (right) Collected results are used to generate a bioinspired design prototype. (bottom) Engineering analysis methods were applied to
explore biological phenomena and the bioinspired design17,18. Please click here to view a larger version of this figure.
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Figure 4. Micro-computed tomography analysis of the Aristotle's lantern structure. (A) Side view of the pyramid structures that help to
support the teeth. (B) Sea urchin teeth stack on top of each other and exhibit five-fold symmetry. (C) Distal tip portions are removed to show the
longitudinally attached keel structures for all five teeth. (D) An individual tooth and keel (blue) with corresponding pyramid (yellow) are shown and
also indicated in (C). Please click here to view a larger version of this figure.

 

Figure 5. Scanning electron microscopy (SEM) analysis of the sea urchin tooth microstructure. (A) SEM micrograph of a polished tooth
cross-section with the faint stone stripe region and keel (bottom) indicated. (B, C) Backscattered electron SEM micrographs of the purple and
orange boxes from (A) show curved plate and round fiber calcite primary elements situated above a denser Mg-enriched polycrystalline matrix
(darker gray). Please click here to view a larger version of this figure.

 

Figure 6. Assembled 3D printed bioinspired Aristotle's lantern parts. (A) E-retaining rings and link rods are used to fasten the 3D printed
tooth parts at three joint positions. (B) Assembled bioinspired Aristotle's lantern with one tooth removed. (C) View of the keel for individual teeth
and the changing joint positions when the lantern is partially (left) and fully open (right). Please click here to view a larger version of this figure.
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Figure 7. Bioinspired Aristotle's lantern design and usage at the beach. (A, B) Computer aided design images of the bioinspired Aristotle's
lantern while closed and fully open, respectively. (C) The 3D printed bioinspired Aristotle's lantern collected different types of sand on the beach.
Please click here to view a larger version of this figure.

 

Figure 8. Bioinspired sea urchin tooth stress analysis test. (A, B) Finite element analysis shows the non-keeled (A) versus keeled (B) tooth
when force is applied at the tooth edges. The keeled tooth design experienced ~16% less stress due to addition of the keel. Please click here to
view a larger version of this figure.

Discussion

Sea urchins use the Aristotle's lantern (Figure 1A) for a variety of functions (feeding, boring, pivoting, etc.). The fossil record indicates that
the lantern has evolved in shape and function from the most primitive cidaroid type to the camarodont type of modern sea urchins14. Cidaroid
lanterns have longitudinally grooved teeth (Figure 1B, top) and non-separated muscle attachment to its pyramid structure. This limits their
up and down movement and robs them of the greater scraping power generated by lateral movement, which is observed in the more modern
camarodont lanterns (Figure 1B, bottom). Biologists have speculated that the keeled tooth (Figure 1C, D) evolved in camarodonts to reinforce
the tooth under the strong tensile forces generated by scraping hard substrates18,20,23.

The bioinspired design protocol in this work combined biology, biological materials science, bioinspired design and bioexploration (Figure 3) to
develop a bioinspired device with a specific function for sampling sediment. The µ-CT scan of the Aristotle's lantern (Figure 4) was imported
as an STL file for reference only since the final sampler design did not mimic the complex muscle attachment in the natural structure. Instead
the bioinspired design employed a simpler opening and closing mechanism with parts that could be manufactured easily by a 3D printer for
assembly into the Aristotle's lantern sampler. Overall, we used a circular approach for bioinspired design since the bioexploration step allowed
for new conclusions to be drawn from the natural biology. Potential modifications of the bioinspired design can address different applications
besides sampling sediment. A limitation of this protocol is that it is focused on one specific application of the bioinspired process for a device
based on the Aristotle's lantern. However, the protocol outlined here can be applied to the analysis, development and ultimate fabrication of other
bioinspired designs based upon biological samples.

The primary application for this assembled bioinspired Aristotle's lantern sampler (Figure 6) was for collecting loose and compacted sand
(Figure 7). Looking ahead, NASA has a plan to bring back Martian samples to Earth using a sample-return rover after a succession of missions
over many years29. A sample-return rover outfitted with a bioinspired Aristotle's lantern sampler may be beneficial to future missions. A smaller
sampler that resembles the size of a natural Aristotle's lantern may also be useful for other applications. The anisotropy of hardness in natural
urchin teeth, while interesting in its own right, was not incorporated in this bioinspired design.

Bioexploration of keeled versus non-keeled teeth confirmed the important structural purpose of the keel in natural sea urchins (Figure 8). The
bioexploration result provides data that helps explain why modern sea urchins evolved keel structures. We acknowledge that Porter17,18 was
the first to propose the bioexploration step applied in this work, which was essential for using engineering analysis methods to quantify the
mechanical advantage of the keel structure in the sea urchin tooth. Future bioinspired design that connects natural observation, biological
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materials science, bioinspired design and bioexploration can be beneficial for incorporating a deeper rooted familiarity with natural design
principles.
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