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Research progress on the hierarchical structure and
mechanical behaviors of phloem fibers

CHEN Bingwei , KAN Yu’'na, ZHAI Shengcheng’, PAN Mingzhu , WANG Xinzhou , MEI Changtong’
(College of Materials Science and Engineering, Nanjing Forestry University, Nanjing 210037, China)

Abstract: Phloem fiber (or Bast fiber), a kind of non-woody plant fiber, is widely used to reinforce composites due

to its good mechanical properties and eco-friendliness. In the cell wall of phloem fiber, abundant cellulose microfib-

rils with the helical structure are embedded in an amorphous matrix composed of hemicellulose, pectin, and lignin.

The variation of the cellulose microfibril angle forms a highly ordered hierarchical structure of the cell wall. The as-

sembly structure and compositions at different scales are of great significance for mechanisms and principles of the

excellent mechanical performance of phloem fiber. This work summarized the structural characteristics of phloem

fibers represented by hemp and flax at the tissue level, cell wall level, ultrastructural level, and molecular level. The

emphasis was focused on the underlying interactions at different levels which generated the special mechanical be-

havior of the phloem fibers during the axial stretching process. Finally, the existing problems were pointed out, and

the development trends of future research were prospected. The extracted concepts may provide new ideas for im-

proving the utilization of phloem fiber and serve as inspiration for biomimetic applications.

Keywords: bast fiber; cell wall; fracture failure; crystalline cellulose; mechanical behavior; plant fiber
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Fig. 1 Hierarchical structure of the different phloem fibers: ((a), (b)) Anatomical structure of the mature flax and the magnified view of the fiber

Molecule

bundles?; ((c), (d)) Anatomical structure of the juvenile bark of the wingceltis (P. tatarinowii) and the magnified view of the fiber bundles (unpublished
images); (e) Flax fiber bundles and SEM image of the transverse section""; (f) Schematic of fiber bundles and the cell wall of the single phloem fiber;
(g) Relative chemical content of different cell wall compositions in the flax cell wall, with marks about the thickness of different cell wall layers;

((h)-(j)) Schematic of microfibrils, element fibrils, and cellulose molecular chain
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Fig.2 Different defects present in the phloem fibers and the influence of dislocation on the fracture: (a) Schematic illustration of different kinds of defects
present in plant fibers divided between discontinuities and inhomogeneities at the surface or in bulk: Surface impurities, cracks, interlaminar decohesion,
dislocations, and twisting'"; ((b), (c)) SEM images and SHG images of kink-band regions in flax fibers"®; ((d), (e)) Fracture behavior of a flax fiber, the

cracks started from surface defects, extended longitudinally along the fiber, and the fibrillation occurred at the fractured ends®”
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Fig.3 Ultrastructure of bast fiber cell wall: (a) Cell walls of flax phloem fibers at different growth stages showed different thicknesses of G and Gn layers'”;
(b) Atomic force microscopy (AFM) peak-force quantitative nano-mechanical (PF-QNM) mapping of the indentation modulus of developing flax fibers at
top, middle, and bottom parts of the stem'®”; (c) Multilayered structure in the mature hemp primary phloem fibers®®¥; (d) Multilayered structure in the

phloem fibers of M. japonicas®™
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Fig.4 Cell wall layers with different microfibril orientations display different mechanical behavior under longitudinal loading: (a) I—Fracture surfaces of

a flax fiber showing axial orientation of microfibrils®”; [I—Gradual change in microfibril orientation from the inner to outer parts of the G-layer in

Cornaceae spp.”; (b) Overview of model design®”; (c) Experimental stress-strain curves and deformed configurations of 3D-printed cylinders'®”;

(d) Relative strain energy density (SED) adsorption in matrix, fibers, and fibrils from the finite element simulations'®”
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