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1 defined as the section cut in the general direction between the two adjacent teeth, but with the
2 additional constraint of being orthogonal to the vT-plane at the enamel surface as well as the
3 vBL plane. Generally, the vMD plane would lie somewhat parallel to the direction of the Hunter-
4 Schreger bands.
5
6 Methods and Materials
7
8 Enamel samples from the mammalian species Panthera leo (African Lion, L) and Lycaon pictus
9 (wild African dog, WAD) were donated by the Burke Museum of Natural History and Culture in

10 Seattle, WA.
11
12 Sample preparation for the synchrotron computed micro-tomography (micro-CT) study consisted
13 of a series of steps. A whole molar was first sectioned in half in the bucco-lingual (B-L) plane
14 using a diamond abrasive slicing wheel (Chevalier SMART-H8188II, Santa Fe Springs, CA).
15 Samples measuring approximately 0.8 mm × 0.8 mm × 1 cm in dimension were cut from the
16 cervical portion of one side of the bucco-lingual section with a precision diamond wire saw
17 (STX-202A, MTI Corporation, Richmond, CA). Sectioned fragments of the samples were
18 mounted on the end of a steel pin for micro-CT scanning. The long axis of the enamel sample is
19 mounted parallel to the pin axis so that the cross-section is equidistant regardless of rotation.
20
21 Samples for nano-CT were prepared by mechanically exfoliating tissue from a larger piece of
22 enamel with a clean razor blade onto a clean glass slide. A small droplet of ultraviolet (UV)
23 light-curing epoxy was placed on the tip of a needle in the same way as for micro-CT. The field
24 of view for the nano-CT experiments is approximately 30 µm × 50 µm, thus a stereo microscope
25 was used to select a suitably sized particle. A micromanipulator was used to approach and attach
26 the particle to the needle using epoxy, which was cured using UV light exposure for ~10 s.
27
28 Synchrotron X-ray CT
29
30 High resolution X-ray nano-tomography (nano-CT) was performed using a focused X-ray beam
31 at APS 32-ID-C. X-ray micro-tomography (micro-CT) was performed at APS 2-BM to gather
32 full-field information on the enamel rod growth through the layers. Due to the similarity in
33 densities of the enamel rod and matrix materials, phase contrast imaging was the preferred
34 method to obtain well-defined microstructural features for both micro- and nano-CT.
35 Synchrotron X-ray and scan parameters are given in Table I. Tomographic scans were
36 reconstructed using the open-source Python package TomoPy [28].
37
38
39 Table I: Synchrotron X-ray parameters used for tomography at APS.

Beamline Micro-tomography
APS 2-BM

Nano-tomography
APS 32-ID-C

Beam mode 24-bunch 24-bunch
Scan energy [keV] 25.51 8.0
Projection size [px2] 2448 x 2048 2560x1516
Magnification 9.835 10x
Resolution [um/px] 0.35 0.0206
Angles 1500 1200
Exposure time [ms] 800 500
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2
3 Figure 3: Binary thresholded X-ray µ-CT reconstruction images of (a) wild African dog and (b)
4 African lion dental enamel as viewed from the vT-plane located at the OES.
5
6
7 Optical flow analysis
8
9 The reconstructed image stack is first cropped to the relevant features such that phase contrast

10 imaging artifacts along the specimen edges are less prominent. Otsu thresholding is then
11 performed to visually separate the rods from the organic matrix.
12
13 One of the most basic optical flow methods is PIV, which takes two images from consecutive
14 instances and splits the images into smaller pixel frames (also known as interrogation windows)
15 to algorithmically compute the statistical cross-correlation (or relative movement) between the
16 images to find the average particle displacement. The size of the interrogation window is a
17 crucial parameter: a window size about more than four times the expected particle movement is
18 often optimal.
19
20 Optical flow analysis using ImageJ/PIV Analyzer
21
22 Two different Optic Flow analysis algorithms were performed on the post-processed image
23 stack. An initial analysis step using the open source ImageJ plugin Optic Flow/PIV Analyzer
24 (available on GitHub) was used to extract pixel movement information using an interrogation
25 window size of 32 × 32 pixels. To reduce processing times, as well as mitigate the effects of
26 noise on flow visualization, every 5th slice was extracted from the original reconstructed image
27 stack. The PIV Analyzer plugin generates the flow direction of particles and gives color-coded
28 information of the flow velocity magnitudes and in-plane direction, as well as a vector-coded
29 color wheel.
30
31 Figure 4 shows a full-field color-coded visualization of fluid optical flow analysis overlaid on the
32 original thresholded image and thresholded mask for the band width calculation in lion enamel.
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2
3 Figure 5: Full-field color-coded visualization of fluid optical flow analysis overlaid on original
4 thresholded image (a) and thresholded mask (b) for band width calculation of wild African dog
5 enamel.
6
7
8 PIV analysis using OpenPIV
9

10 The open source PIV algorithm openpiv [30] was used to obtain quantitative deformation
11 fields rather than just visual images. Similar to the PIV Analyzer in ImageJ, the openpiv
12 algorithm generates a displacement field via image cross-correlation, and further outputs a data
13 array of the generated field (Figure 6) for data manipulation and subsequent rod growth
14 reconstruction. The same window size of 32 × 32 pixels was used with this algorithm.
15

16
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1
2 Figure 6: Example growth vector field for (a) African lion, and (b) wild African dog enamel.
3
4
5 Reconstruction of enamel rod growth pathlines
6
7 With the Eulerian rod evolution vector field obtained via optical flow analysis, the enamel rod
8 growth pathline (i.e., Lagrangian description of rod evolution) can be easily reconstructed for
9 each specified initial rod location, and then calculating the position of rod growth iteratively with

10 the vector array generated by openpiv . Since the rod coordinates may not lie exactly on the
11 generated grid array of the displacement field, the local displacement vector is 2D-interpolated at
12 each iteration. Figure 7 shows reconstructed lion enamel rod growth pathlines for different
13 gridded initial rod locations denoted by a black circle at the bottom of the image.
14
15

16
17
18
19 Figure 7: Reconstructed lion enamel rod growth pathlines for different gridded initial rod
20 locations (marked with a black circle).
21
22
23 Coordinate transform
24
25 Thus far, the reference X-Y-Z axes were used for ease of reconstruction and analysis of the
26 original X-ray tomographic scans. A more biologically relevant choice of axes would be the
27 localized coordinate vT-vBL-vMD system defined in Figure 1. Without a priori knowledge of
28 the orientation of the bands, however, it is nearly impossible to align the other two axes (vBL



1 and vMD) to the microstructure before the tomography scans. Figure 8 shows the rotation of X-
2 Y axes to map coordinates to the principal vMD-vBL section views.
3

4
5
6
7 Figure 8: Rotation of X-Y axes to map coordinates to the principal vMD-vBL section views.
8 The degree of rotation is algorithmically determined by the dominant direction of the structures
9 within the image.

10
11
12 Using the thresholded mask of the rod growth directions, the structure_tensor function in
13 the scikit- image package is used to determine the dominant direction �� of the structures. An
14 affine rotation of the coordinate axes is then performed using the transformation
15
16
17 (1)
18
19 The pathlines of each rod can then be projected onto the orthogonal vBL and vMD section
20 planes. The rod projections for the lion enamel in the vBL section view (Figure 9a) appear
21 almost parallel to each other (total angle 2.8°), and the enamel rod projections in the vMD
22 section (Figure 9b) exhibit more variance in displacement along the thickness z direction (total
23 angle 8.5°). As discussed previously, the Hunter-Schreger bands are oriented perpendicular to
24 the local vBL section view, and so their vBL-projections vary minimally, while the vMD section
25 view lies parallel to these bands and show more variance in growth directions. The enamel rod
26 projections for the wild African dog (Figure 10) exhibit similar trends (total angles 2.8° in vBL
27 section, 9.0° in vMD section). We note that the lion enamel rod projections in the vMD section
28 are slightly skewed right, likely due to an off-axis misalignment of the enamel rods from the
29 tomographic scan axes.
30
31

vBL section

vMD section
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2
3 Figure 9: Projection of lion enamel rod pathlines on (a) the vBL principal section view, and (b)
4 the vMD section view. Rods are near parallel in the vBL section view and exhibit more variance
5 in displacement in the vMD section view.
6

7
(a) (b)

8
9 Figure 10: Projection of wild African dog enamel rod pathlines on (a) the vBL principal section

10 view, and (b) the vMD section view. Rods are near parallel in the vBL section view and exhibit
11 more variance in displacement in the vMD section view.
12
13 The curves in both vBL and vMD principal section views can be fitted with a generalized
14 mathematical function to approximate the decussation behavior as
15
16



1 (2)
2
3 As seen in Figure 11, the hyperbolic sine function passes through the origin and increases rapidly
4 and non-asymptotically to infinity, while the sine function allows for undulations in rod growth
5 to be modelled).
6

7
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8
9 Figure 11: Curve fit of wild African dog enamel rod projections in (a) vBL and (b) vMD

10 principal section views using Equation 2.
11
12
13 This gives a convenient way of describing and parametrizing the individual rod growth, which
14 can be easily translated into machine-readable commands for computer-aided manufacturing and
15 3D-printing.
16
17 Conclusions
18
19 A novel flow imaging technique has been developed that allows for the characterization of the
20 microstructure of mammalian enamel. This technique was demonstrated using micro-
21 tomography reconstructions of synchrotron images obtained from wild African dog and lion
22 enamel samples. Micro-tomography reconstructions of both the wild African dog and lion
23 enamel microstructure show that the rods are tightly packed. Nano-tomography reveals that the
24 rods have a rounded hexagon shape for the wild African dog and a U-shape for the lion.
25
26 Two different frameworks (e.g., Eulerian and Lagrangian) were applied to characterize the
27 microstructure. The Eulerian approach represents the decussation bands (crossing patterns) in the
28 enamel as an ensemble of vector fields. This method quantitatively captures the arrangement and
29 orientation of the enamel rods. On the other hand, the Lagrangian approach focuses on individual
30 rods and their growth paths. The technique can extract the paths followed by individual rods
31 within the enamel microstructure. To establish a reference frame for analysis, a localized
32 coordinate system called vT-vBL-vMD was defined. This coordinate system allows for



1 consistent comparisons and measurements within the enamel microstructure.
2
3 A mathematical expression was developed to describe the pathlines of individual rods, providing
4 a convenient way to parameterize their growth patterns. This mathematical representation helps
5 in understanding and analyzing the growth behavior of enamel rods. The application of this
6 technique extends beyond characterization and analysis. The approach outlined here can be
7 readily adapted for 3D printing of biomimetic microstructures based on enamel patterns. This
8 implies that the technique can be used to replicate the complex microstructure of enamel,
9 potentially enabling the production of synthetic structures that mimic the damage tolerance of

10 natural enamel.
11
12
13 Data availability
14
15 The synchrotron data images and the source code that support the findings of this study are
16 available in Materials Data Facility with the identifier doi:xxxxxxx.
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1 Appendix: Pseudocode for enamel rod reconstruction
2
3 Seed initial point at transverse plane with coordinates
4
5 for i = 1 to (k-1) number of tomographic slices in transverse direction
6 i) perform image cross-correlation between image array and
7 ii) derive displacement vector field from image cross-correlation results
8 iii) from vector field , interpolate displacement vector at coordinates
9 iv) update new coordinates

10 end


