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            Abstract
The mechanical properties of many materials are based on the macroscopic arrangement and orientation of their nanostructure. This nanostructure can be ordered over a range of length scales. In biology, the principle of hierarchical ordering is often used to maximize functionality, such as strength and robustness of the material, while minimizing weight and energy cost. Methods for nanoscale imaging provide direct visual access to the ultrastructure (nanoscale structure that is too small to be imaged using light microscopy), but the field of view is limited and does not easily allow a full correlative study of changes in the ultrastructure over a macroscopic sample. Other methods of probing ultrastructure ordering, such as small-angle scattering of X-rays or neutrons, can be applied to macroscopic samples; however, these scattering methods remain constrained to two-dimensional specimens1,2,3,4 or to isotropically oriented ultrastructures5,6,7. These constraints limit the use of these methods for studying nanostructures with more complex orientation patterns, which are abundant in nature and materials science. Here, we introduce an imaging method that combines small-angle scattering with tensor tomography to probe nanoscale structures in three-dimensional macroscopic samples in a non-destructive way. We demonstrate the method by measuring the main orientation and the degree of orientation of nanoscale mineralized collagen fibrils in a human trabecula bone sample with a spatial resolution of 25 micrometres. Symmetries within the sample, such as the cylindrical symmetry commonly observed for mineralized collagen fibrils in bone8,9,10, allow for tractable sampling requirements and numerical efficiency. Small-angle scattering tensor tomography is applicable to both biological and materials science specimens, and may be useful for understanding and characterizing smart or bio-inspired materials. Moreover, because the method is non-destructive, it is appropriate for in situ measurements and allows, for example, the role of ultrastructure in the mechanical response of a biological tissue or manufactured material to be studied.
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                    Figure 1: Schematic of the experimental set-up for SAS tensor tomography.[image: ]


Figure 2: Data processing.[image: ]


Figure 3: Orientation of collagen fibrils within a human trabecular bone sample.[image: ]
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Small-angle X-ray scattering (SAXS) can, in principle, probe structural ordering across a wide range of length scales, from nanoscale to the macroscopic. However, an experimental method and analysis scheme to obtain three-dimensional images while preserving nanostructure orientation information remained out of reach. Two papers in this issue of Nature combine different tomographic principles with SAXS to yield this information. Marianne Liebi et al. introduce a generally applicable model that can describe the SAXS data and show how taking account of the symmetries intrinsic to many samples of interest â€” such as the preferred orientation of collagen fibrils in the human trabecular bone that they have studied â€” can make the process more manageable. The procedure demonstrated by Florian Schaff et al. introduces the concept of virtual tomography axes, which allows arrangement of the vast amount of data to enable a direct independent reconstruction of each reciprocal space component. For their example, they show the orientation and scattering strength of mineralized collagen in a human tooth, spatially resolved over several millimetres.
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