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            Abstract
Synthetic structural materials with exceptional mechanical performance suffer from either large weight and adverse environmental impact (for example, steels and alloys) or complex manufacturing processes and thus high cost (for example, polymer-based and biomimetic composites)1,2,3,4,5,6,7,8. Natural wood is a low-cost and abundant material and has been used for millennia as a structural material for building and furniture construction9. However, the mechanical performance of natural wood (its strength and toughness) is unsatisfactory for many advanced engineering structures and applications. Pre-treatment with steam, heat, ammonia or cold rolling10,11,12,13,14,15,16,17,18,19,20,21 followed by densification has led to the enhanced mechanical performance of natural wood. However, the existing methods result in incomplete densification and lack dimensional stability, particularly in response to humid environments14, and wood treated in these ways can expand and weaken. Here we report a simple and effective strategy to transform bulk natural wood directly into a high-performance structural material with a more than tenfold increase in strength, toughness and ballistic resistance and with greater dimensional stability. Our two-step process involves the partial removal of lignin and hemicellulose from the natural wood via a boiling process in an aqueous mixture of NaOH and Na2SO3 followed by hot-pressing, leading to the total collapse of cell walls and the complete densification of the natural wood with highly aligned cellulose nanofibres. This strategy is shown to be universally effective for various species of wood. Our processed wood has a specific strength higher than that of most structural metals and alloys, making it a low-cost, high-performance, lightweight alternative.
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                    Figure 1: Processing approach and mechanical performance of densified wood.[image: ]


Figure 2: Structural characterization of natural wood and densified wood.[image: ]


Figure 3: Superb mechanical properties of densified wood and mechanistic understanding.[image: ]


Figure 4: Ballistic test.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structural characterization of natural wood and densified wood.
a, b, Comparison of SEM images of natural wood (a) and the wood after partial lignin removal but without lateral hot-pressing (b) shows that lignin between the cell walls is partially removed. c, Comparison of densities of natural (0.43â€‰Â±â€‰0.02â€‰g cmâˆ’3) and densified woods (1.30â€‰Â±â€‰0.02â€‰g cmâˆ’3). dâ€“f, SEM images of the cross-section of natural wood in the RT (d) and TL (e, f) planes show intrinsic defects such as vessels and tracheids along the L direction and pits in the cell walls. gâ€“j, The corresponding SEM images of densified wood show that the hollow lumina are completely collapsed to form highly intertwined wood cell walls (g), as verified by the simulation model (j), and even the tiny pits in the wood cell walls are eliminated owing to the densification (h, i). kâ€“m, The small-angle X-ray scattering pattern (k) and the high-magnification SEM image (l) show well-aligned cellulose nanofibres in densified wood, which greatly facilitate the formation of hydrogen bonds in neighbouring cellulose molecular chains during their relative sliding (m).


Extended Data Figure 2 Effect of degree of lignin removal on wood structure and mechanical properties.
a, Schematics of wood sample with the L direction as the tree-growth direction. b, c, SEM images of the cross-sections in the RT plane (b) and the RL plane (c) of a pressed wood sample with 0% lignin removal, which show a large number of gaps remaining in between partially collapsed cell walls. d, e, Photo and SEM image of the densified wood with 100% lignin removal show that the pressed cell walls are separated from each other owing to the absence of lignin as binding agent. f, g, Densities (f) and tensile stressâ€“strain curves (g) of densified woods with various degrees of lignin removal. h, Summary of cellulose/hemicellulose/lignin contents as well as strength, work of fracture and density under various degrees of lignin removal. Densified wood with 45% lignin removal is shown to have the highest strength, work of fracture and density. DW-x refers to densified wood with a certain amount (x) of lignin removal and subsequent densification, whereas NW refers to natural wood without lignin removal or densification.


Extended Data Figure 3 Comparison of mechanical properties of natural wood and densified wood.
a, Stiffness (natural wood, 4.8â€‰Â±â€‰0.9â€‰GPa; densified wood, 51.6â€‰Â±â€‰1.5â€‰GPa). b, Scratch hardness (natural wood, 0.02â€‰Â±â€‰0.0029â€‰GPa; densified wood, 0.6â€‰Â±â€‰0.025â€‰GPa). c, Interferometer images of scratches on natural wood and densified wood, showing the notable decrease of the scratch depth of the densified wood owing to increased hardness. d, Charpy impact toughness (densified wood, 11.41â€‰Â±â€‰0.5â€‰J cmâˆ’2; natural wood, 1.38â€‰Â±â€‰0.3â€‰J cmâˆ’2). e, Hardness modulus (natural wood, 740.1â€‰Â±â€‰115.4 pounds per inch; densified wood, 9454.5â€‰Â±â€‰273.3 pounds per inch). f, i, l, Schematics of bending tests along three different directions. g, j, m, Corresponding flexural stress as a function of roller displacement (bending deflection) for natural wood and densified wood. h, k, n, Comparison of the corresponding flexural strengths of natural wood (with the roller along the T direction, 54.3â€‰Â±â€‰5.1â€‰MPa; perpendicular to wood growth direction, 4.4â€‰Â±â€‰0.9â€‰MPa; with the roller along the R direction, 42.6â€‰Â±â€‰4.9â€‰MPa; eight samples tested for each direction) and densified wood (with the roller along the T direction, 336.8â€‰Â±â€‰11.3â€‰MPa; perpendicular to wood growth direction, 79.5â€‰Â±â€‰3.0â€‰MPa; with the roller along the R direction, 315.3â€‰Â±â€‰14.8â€‰MPa; eight samples tested for each direction).


Extended Data Figure 4 Compressive strength of natural wood and densified wood.
a, d, g, Schematics of compression tests along three different directions. b, e, h, Corresponding compressive stress as a function of compressive displacement for natural wood and densified wood. c, f, i, Comparison of the corresponding compressive strengths of natural wood (L direction, 29.6â€‰Â±â€‰2.0â€‰MPa; R direction, 3.9â€‰Â±â€‰0.6â€‰MPa; T direction, 2.6â€‰Â±â€‰0.4â€‰MPa; eight samples tested for each direction) and densified wood (L direction, 163.6â€‰Â±â€‰4.1â€‰MPa; R direction, 203.8â€‰Â±â€‰5.2â€‰MPa; T direction, 87.6â€‰Â±â€‰3.0â€‰MPa; eight samples tested for each direction). j, Comparison of axial compressive strengths (along the L direction) of natural wood, delignified wood without hot-pressing, pressed natural wood without delignification, and densified wood (delignified and then hot-pressed). Insets illustrate the representative cross-section features of the four types of wood.


Extended Data Figure 5 Dimensional stability and mechanical properties of pressed natural wood, densified wood and surface-painted densified wood against moisture.
a, b, Photographs of pressed natural wood without delignification, densified wood (45% lignin removal and then hot-pressed) and surface-painted densified wood before (a) and after (b) sustaining 95% RH for 128â€‰h. c, Change in thickness of the three wood samples over time. d, Percentage increase in thickness (pressed natural wood, 43.1%â€‰Â±â€‰1.4%; densified wood, 8.4%â€‰Â±â€‰0.9%; surface-painted densified wood, 0%). e, Tensile stressâ€“strain curves of the three wood samples after sustaining 95% RH for 128â€‰h. f, Strengths of the three wood samples before (pressed natural wood, 161.5â€‰Â±â€‰18.8â€‰MPa; densified wood, 548.8â€‰Â±â€‰47.2â€‰MPa; surface-painted densified wood, 541.7â€‰Â±â€‰29.2â€‰MPa) and after (pressed natural wood, 98.2â€‰Â±â€‰12.6â€‰MPa; densified wood, 493.1â€‰Â±â€‰20.3â€‰MPa; surface-painted densified wood, 535.9â€‰Â±â€‰30.0â€‰MPa) sustaining 95% RH for 128â€‰h.


Extended Data Figure 6 Superb mechanical properties of various species of densified wood.
Comparison of the stressâ€“strain curve, tensile strength and work of fracture for natural and densified woods of various species: the hardwoods oak and poplar, and the softwoods cedar and pine. aâ€“c, Oak (natural wood strength, 115.3â€‰Â±â€‰10.2â€‰MPa; densified wood strength, 584.3â€‰Â±â€‰29.8â€‰MPa; natural wood work of fracture, 1.84â€‰Â±â€‰0.1â€‰MJ mâˆ’3; densified wood work of fracture, 5.3â€‰Â±â€‰0.2â€‰MJ mâˆ’3). dâ€“f, Poplar (natural wood strength, 55.6â€‰Â±â€‰8.0â€‰MPa; densified wood strength, 431.5â€‰Â±â€‰15.1â€‰MPa; natural wood work of fracture, 0.48â€‰Â±â€‰0.05â€‰MJ mâˆ’3; densified wood work of fracture, 3.0â€‰Â±â€‰0.1â€‰MJ mâˆ’3). gâ€“i, Cedar (natural wood strength: 46.5â€‰Â±â€‰5.4â€‰MPa; densified wood strength: 550.1â€‰Â±â€‰47.4â€‰MPa; natural wood work of fracture: 0.35â€‰Â±â€‰0.06â€‰MJ mâˆ’3; densified wood work of fracture, 3.3â€‰Â±â€‰0.08â€‰MJ mâˆ’3). jâ€“l, Pine (natural wood strength, 70.2â€‰Â±â€‰10.0â€‰MPa; densified wood strength, 536.9â€‰Â±â€‰24.7â€‰MPa; natural wood work of fracture, 0.58â€‰Â±â€‰0.07â€‰MJ mâˆ’3; densified wood work of fracture, 3.03â€‰Â±â€‰0.33â€‰MJ mâˆ’3). m, Comparison of the structural and mechanical properties of the densified wood in this study and other previously reported10,11,12,13,14,15,16,17,18,19 densified wood materials made from different species of natural wood.


Extended Data Figure 7 Fracture surface (RL plane) of natural wood and densified wood.
a, c, The schematics of the natural wood and densified wood. b, SEM image of the fracture surface of the natural wood showing the pulling out and tearing of the hollow wood lumina along the fracture surface in the RL plane. d, SEM image of the fracture surface of the densified wood in RL plane showing the pulling out and fracture of wood fibres from the densely packed cell walls.


Extended Data Figure 8 Simulation model for natural wood and densified wood.
a, To obtain the compressed morphology of natural hollow wood fibres in simulations, we apply the reflective wall boundary condition and then gradually shrink one dimension of the simulation box so that the bundle is compressed laterally. b, c, Morphological view of uncollapsed (b) and collapsed (c) wood-fibre bundles during pulling. dâ€“f, Effect of hydrogen bonding (HB). d, Simulation model to demonstrate the effect of hydrogen bonding. Two wood fibres slide along each other. e, The corresponding resistant forces with hydrogen bonding turned on and turned off (that is, voiding the Morse potential in the simulation force field) are calculated as a function of sliding displacement, respectively, showing that the hydrogen bonding would increase the resistant force by about ten times. f, The initial configuration of the seven-lumina bundle model used in the main text. These lumina each have a diameter of 6.26â€‰nm and length of 8.95â€‰nm. g, The values of the coarse-grained parameters used in the simulations.


Extended Data Figure 9 Comparison of tensile properties of Xâ€“Y stacking densified wood and monolayer densified wood.
aâ€“c, Tensile properties of the natural wood and monolayer densified wood along the T direction: a, illustration of tensile direction, b, tensile stressâ€“strain curves and c, tensile strengths along the T direction (natural wood, 5.1â€‰Â±â€‰0.4â€‰MPa; densified wood, 43.3â€‰Â±â€‰2.0â€‰MPa). dâ€“f, Tensile properties of the Xâ€“Y stacking densified wood: d, illustration of the Xâ€“Y stacking densified wood and two perpendicular tensile directions, e, tensile stressâ€“strain curves and f, the tensile strengths of the Xâ€“Y stacking densified wood along directions 1 and 2 are nearly the same (221.6â€‰Â±â€‰20.0â€‰MPa and 225.6â€‰Â±â€‰18.0â€‰MPa, respectively), much higher than that of natural wood and that of monolayer densified wood in the T direction.


Extended Data Figure 10 Ballistic test.
a, Schematics of the air-gun ballistic tester. b, Photograph of natural wood after ballistic test, showing relatively smooth wood surface after the projectile perforates the wood. c, d, SEM images of the fracture surface show that fracture takes place along the loosely bonded cell walls in natural wood. e, Photograph of monolayer densified wood after ballistic test, showing severely chapped wood surface after the projectile perforatesthe wood. f, g, SEM images of the fracture surface show enormous numbers of wood fibres pulled out from the densely packed cell walls, suggesting substantial energy dissipation during the projectile perforating the densified wood. h, Ballistic energy absorption of the monolayer densified wood (Y, 2.5â€‰Â±â€‰0.1â€‰kJ mâˆ’1; X, 4.3â€‰Â±â€‰0.08â€‰kJ mâˆ’1) and laminated densified wood (Xâ€“Yâ€“Xâ€“Yâ€“X laminate: 5.6â€‰Â±â€‰0.2â€‰kJ mâˆ’1; Xâ€“Yâ€“Xâ€“Yâ€“X laminate: 6.0â€‰Â±â€‰0.1â€‰kJ mâˆ’1) from both directions (X, fibre alignment direction; Y, perpendicular to fibre alignment direction). The insets show the schematics of the sample and holder. iâ€“l, Simulation model used in Fig. 4c, d. i, j, End view and top view of the parallel wood fibre model, respectively. k, l, End view and top view of the sandwiched wood fibre model, respectively. These wood fibres (before being collapsed) have a diameter of 2.35â€‰nm and a length of 15.34â€‰nm.
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