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Lightweight, strong, moldable wood via cell wall
engineering as a sustainable structural material
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Wood is a sustainable structural material, but it cannot be easily shaped while maintaining its
mechanical properties. We report a processing strategy that uses cell wall engineering to shape flat
sheets of hardwood into versatile three-dimensional (3D) structures. After breaking down wood’s lignin
component and closing the vessels and fibers by evaporating water, we partially re-swell the wood in a
rapid water-shock process that selectively opens the vessels. This forms a distinct wrinkled cell wall
structure that allows the material to be folded and molded into desired shapes. The resulting 3D-molded
wood is six times stronger than the starting wood and comparable to widely used lightweight materials
such as aluminum alloys. This approach widens wood'’s potential as a structural material, with lower
environmental impact for buildings and transportation applications.

he shape of a material can be as impor-

tant as its intrinsic properties (7-4). For

example, structural components must be

made of materials that can be physically

formed to fit specific needs without sac-
rificing mechanical strength. Furthermore,
materials that are also lightweight are partic-
ularly valuable for vehicle-based applications
(e.g., cars, trains, and aircraft) (5), as weight-
saving measures may be the most direct way
to improve fuel-efficiency (6). For these rea-
sons, polymers and some metals, such as alu-
minum (Al), are used for mechanical support,
as they feature both low density and facile
processability into lightweight structural com-
ponents of various shapes and sizes by differ-
ent means such as extrusion, casting, and
injection molding (5, 7). However, the devel-
opment of more-sustainable materials is needed
to mitigate the environmental costs of petro-
chemical-based plastics and the energy costs
of metals (8-11).

Wood is one potential candidate for replac-
ing some of these lightweight structural mate-
rials, especially given its advantage of being
a renewable resource (12, 13). Wood products
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can help mitigate climate change by replacing
carbon-intensive, fossil fuel-based materials
(14, 15), as well as providing extended carbon
storage (16). Wood is also mechanically strong,
lightweight, and potentially low cost. Various
approaches have been demonstrated to im-
prove the properties and functionality of wood
for a wider range of applications, including by
delignification (17-19), densification (20-22),
and other modifications [e.g., thermal treat-
ments (23, 24), organic or inorganic salt
impregnation (25-27), etc.]. That said, its
formability is generally poor compared with
metals and plastics, which makes processing it
into complex shapes difficult.

Different methods of forming wood for
shape-specific needs have been explored with
varying success. For example, wood can be
sculpted into complex three-dimensional (3D)
shapes using conventional subtractive man-
ufacturing (e.g., carving, sculpting, turning)
(28, 29) and conventional carpentry, wherein
pieces of wood are joined to make a more
complex structure (30). However, these “phys-
ical approaches” generally engineer wood at
the bulk scale, which does not change the
intrinsic microstructure or material proper-
ties, thus failing to simultaneously achieve
high mechanical strength and good formabil-
ity, and limiting the practical applications of
wood in advanced engineering fields that re-
quire both. In recent years, various bottom-up
approaches have also been investigated in
which wood is broken down into its constit-
uent components and then refabricated into
desired shapes and uses. For example, wood
can be defibrillated into cellulose nanofibers
(CNFs) with exceptional mechanical strength
(up to 3 GPa) (3I), which can then be pro-
cessed into 3D forms using high-water-content
slurries (up to 98 wt %) (32). However, CNFs
are expensive, and the energy required for
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water removal is too intensive for the fabrica-
tion of large structures. Alternatively, adding
polymers to CNFs can improve their process-
ability by enabling casting or injection mold-
ing (33). But the high petrochemical polymer
content of these CNF composites diminishes
their advantage as a sustainable material. Fur-
thermore, such bottom-up approaches come
at the sacrifice of wood’s naturally hierarchical
and anisotropic structure (i.e., the highly
aligned channels and fibers that run along
the longitudinal direction of the stem) from
where much of the material’s natural strength
and functionality derives.

We report a top-down approach by which
wood can be processed into various shapes
while also substantially increasing its mechan-
ical strength. The principal concept is based
on partially delignifying and softening natu-
ral wood, then shrinking its vessels and fibers
by drying, followed by “shocking” the mate-
rial in water to selectively open the vessels
(Fig. 1A). This rapid water-shock process forms
a distinct partially open, wrinkled cell wall
structure that provides space for compression
as well as the ability to support high strain,
allowing the material to be easily folded and
molded. The different shapes and structures
that can be achieved with this moldable wood
can then be set with air drying to remove the
remaining water to form the final 3D-molded
wood product (Fig. 1B).

This cell wall engineering process maintains
the intrinsic anisotropic wood structure and
enhances the interactions among the wood
fibers to further increase the mechanical
strength. For example, we demonstrated the
fabrication of a honeycomb core material from
wood veneers (produced using roll-to-roll ro-
tary cutting) that has a tensile strength of
~300 MPa, similar to Al alloys but with a den-
sity of just ~0.75 g/cm® and at potentially
lower cost (Fig. 1, B and C). This cell wall
engineering approach is applicable to vari-
ous hardwood species and is enabled by the
water-shock process that expands the capa-
bilities of wood as a lightweight structural
material beyond conventional planar structures
to complex 3D designs and components with
greater versatility. Manipulating wood’s nat-
urally anisotropic structure will improve
its potential as a sustainable and practical
alternative for applications that have been
traditionally limited to polymers, metals, and
polymer composites (Fig. 1C) (34).

We first used a common aqueous-based de-
lignification process (35, 36) to remove ~55%
of the lignin and ~67% of the hemicellulose
from the lignocellulosic cell walls of basswood
(Fig. 1A and figs. S1 to S3). The partial and
selective removal of this hydrophobic com-
ponent results in softening and mild expan-
sion in the wood sample size due to the
absorption of water by the remaining cell
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walls (fig. S1), which feature a higher fraction
of hydrophilic cellulose (fig. S2). As a result,
the water content of the partially delignified
wood is ~300 wt % (fig. S4). We then air dried
the partially delignified wood under ambient
conditions for ~30 hours to remove water and
form the shrunken wood intermediate (~12 wt
% water content) (Fig. 1A and fig. S4). Next, we

immersed the shrunken wood in water for
3 min in what we called a water-shock process
that partially re-swells the cell walls and leads
to some expansion of the sample dimensions
in the resulting product, which we call mold-
able wood (~100 wt % water content) (figs. S1
and S4 and movie S1). Whereas the wet natural
wood (Fig. 2A) and shrunken wood (Fig. 2B)

cannot be bent without breaking, the moldable
wood is highly foldable (Fig. 2C and movie S2).
The wood fibers in these samples run parallel
to the folding direction. Wood sheets made
with this fiber orientation can be scalably
produced by rotary cutting, circuamventing
the size limitations of the length and width of
the raw tree material (37).

A Natural Wood Shrunken Wood Moldable Wood
Partially
delignified, "water-shock"
& air dried process
Vessel  Fibers & a2
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Fig. 1. A wrinkling cell wall engineering strategy through partial delignification
combined with a “water-shock” process to make wood stronger and moldable.
(A) Schematic illustration of the wood cell wall structures during the fabrication of the
moldable wood, highlighting the critical role of the water-shock process, which forms
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wrinkled cell walls. (B) Corrugated and honeycomb 3D-molded wood structures
made from wood veneers cut parallel to the fiber direction. (C) Radar plots comparing
the performance of 3D-molded wood, Al-5052 alloy, and polymer composites (34), in
which the results are normalized by the maximum value of each characteristic.
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Using scanning electron microscopy (SEM),
we examined the microstructures of these
wood samples to better understand their
process-structure-property relationships. The
natural wood starting material has a 3D hier-
archically porous cellular structure with many
hollow vessels and fibers (Fig. 2D). These open
cells become almost completely closed in
the shrunken wood owing to the removal of

A Natural Wood

D Natural'\Wood

Fig. 2. Microstructures of the natural wood, shrunken wood, and moldable
wood. (A to C) Photographs and SEM images demonstrate the (A) natural
wood and (B) shrunken wood undergo deformation and fracture when

bent, whereas (C) the moldable wood can be easily folded. (D) SEM images
of the natural wood, which contains many hollow rigid vessels and fibers.

Xiao et al., Science 374, 465-471 (2021)

lignin and water, forming a highly densified
structure (Fig. 2E). However, the water-shock
treatment that forms the moldable wood re-
sults in a distinctive wrinkled cell wall struc-
ture in which the vessels are partially open
while the fibers are almost completely closed
(Fig. 2F). During this treatment, we observed
that the reopening of the vessels occurs ex-
tremely rapidly (3 s), while the morphology

T, tangential direction.
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of the smaller fibers remains nearly unchanged
(movie S3 and fig. S5). Such selective open-
ing of the cell wall structure is noteworthy,
as it may provide two simultaneous effects.
The partially open vessels create space within
the moldable wood that may accommodate
both compressive and tensile deformation
in an accordion-like manner, allowing the
material to undergo severe compression and

(E) SEM images of the shrunken wood, which show the severely shrunken
vessels and fibers after water removal. (F) SEM images of the moldable
wood, which features a distinctive wrinkled cell wall structure with partially
open vessels and almost completely closed fibers. R, radial direction;
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Fig. 3. Fabricating 3D-molded wood into various shapes using the cell

wall engineering process. Schematics and corresponding photographs of the
3D-molded wood featuring (A) zigzag, (B) corrugated, (C) rolled, (D) helical, and
(E) star-shaped structures. (F) The molding process of the 3D-molded wood
corrugated structure (25 cm by 12 cm by 0.12 cm). (G) SEM images of the folded
and unfolded 3D-molded wood, produced after air drying the moldable wood after

tension while being folded, even up to 180°
without cracking (Fig. 2C and movie S2).
Meanwhile, the densely packed closed fibers
may provide mechanical support for enhanced
strength.

To further investigate the impact of this
wrinkled cell wall structure, we prepared a
control in which we air dried the partially
delignified wood for just 6 hours and did not
apply the water-shock treatment in order to
obtain the same water (~100 wt % water con-
tent) and lignocellulosic content as that of the
moldable wood (fig. S4). The method we used
to fabricate this control is similar to that of a
previously reported high-strength wood mate-
rial (22). The resulting control did not feature
a wrinkled cell wall structure, instead demon-
strating a similar open cell microstructure as
the natural wood but with thinner and more
separated cell walls owing to the partial re-
moval of the lignin (fig. S6). Additionally, the
material could not be bent without breaking
(fig. S4), therefore we called it nonmoldable
wood. This control clearly demonstrates the
importance of the partially opened, wrinkled
cell wall structure in enabling the moldable
wood’s mechanical flexibility.

We conducted simulations to investigate
how the wrinkled cell wall structure enables
the release of mechanical stress during folding
to prevent the material from breaking. Fiber-
scale mechanics modeling shows that the
strain level in all cell walls of the moldable
wood is extremely low (with a maximum prin-
cipal tensile strain of 0.23% and compressive
strain of 0.31%) even when the moldable wood
is subjected to a 60% nominal strain deforma-
tion (tensile or compressive) (figs. S7 and S8).
In contrast, the maximum principal tensile
strain in the cell walls of the nonmoldable
wood is as high as 2.3% under an overall elon-
gation of 12.5%, substantially higher than that
in the moldable wood (fig. S8). We explain this
difference in the mechanical properties of the
moldable and nonmoldable wood by their dis-
tinct microstructures. Despite both materials
undergoing the delignification process, the
fibers and vessels are open and only in loose
contact in the nonmoldable wood, while the
cell structures are more closed and in greater
contact in the wrinkled cell walls of the mold-
able wood because of the drying and water-
shock process. As a result, the moldable wood
features sufficient hydrogen bonding among
the cell walls to resist delamination during
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folding, while the nonmoldable wood readily
fractures (fig. S9).

Using this cell wall engineering method,
we can process the moldable wood into var-
ious shapes by mechanical bending, folding,
and twisting. When the targeted structure is
achieved, we can then dry the wood to fix its
shape. For example, we fabricated zigzag and
corrugated wood structures by repeatedly fold-
ing pieces of moldable wood and then drying
the material to set the rigid forms (Fig. 3, A
and B). Additionally, we can roll the moldable
wood (Fig. 3C) and twist it (Fig. 3D, fig. S10,
and movie S4) like metals and plastics. The
outstanding foldability and excellent stabil-
ity after drying allows us to design and fabri-
cate complex 3D structures, such as star shapes
(Fig. 3E). Other shapes include a corrugated
structure (25 cm by 12 cm by 0.12 cm) using a
homemade die to mold the material (Fig. 3F).

SEM morphology studies reveal the dense
and integrated structure of the resulting 3D-
molded wood. We did not observe any fibers
peeling away from the folded corners of these
structures, even after 100 folding and unfold-
ing cycles (Fig. 3G). The surface finish remains
smooth when folded parallel to the wood fiber
direction. This excellent surface finish is likely
due to the outstanding flexibility of the wood
fibers and the hydrogen bonding between
them, allowing the fibers to follow the folded
shapes during mechanical deformation in a
conformal manner (Fig. 3G). In terms of fold-
ability and durability, the moldable wood also
outperforms Al-5052, a widely used Al alloy for
lightweight engineering structures, in which
the moldable wood can be folded and un-
folded 100 times without fracture, whereas
the Al alloy broke after only three folding and
unfolding cycles (Fig. 3H).

We found that the 3D-molded wood also
has improved mechanical properties for light-
weight structural applications, including a
tensile strength of ~300 MPa and compressive
strength of 60 MPa along the wood fiber di-
rection. These values are nearly six and two
times higher than that of the raw natural wood,
respectively (fig. S11). The improved mechanical
properties of the 3D-molded wood are due to
its denser structure, which features highly
packed intertwined cell walls at the micro-
scale and well-aligned cellulose nanofibrils
inside the cell walls at the nanoscale (fig. S12).
The 3D-molded wood’s low density of 0.75 g/cm®
gives it a high specific tensile strength of
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100 folding and unfolding cycles. We observed no crease in the compression or
tensile sides in the resulting 3D-molded wood, demonstrating the excellent foldability
and durability of the material when folded parallel to the wood fiber direction.

(H) Comparison of the Al-5052 alloy and moldable wood after undergoing multiple
cycles of folding and unfolding. The moldable wood remains intact after 100 cycles
of folding and unfolding, whereas the Al alloy breaks after just three cycles.

386.8 MPa per g/cm?, which is about five
times greater than that of Al-5052 (84.4 MPa
per g/cm?) (fig. S13). Furthermore, the stiffness
of 3D-molded wood exceeds that of a range of
hardwoods (38), softwoods (38), and polymers
(39) (Fig. 4A).

The low density, high mechanical strength,
and excellent formability of the 3D-molded
wood offers broad versatility in designing and
manufacturing large, lightweight, load-bearing
designs. One example is a honeycomb struc-
ture, which is usually made of polymers or
metals such as the Al-5052 alloy (40, 41). We
fabricated 3D-molded wood honeycomb struc-
tures by molding the material along the wood
fiber direction (fig. S14). The 3D-molded wood
honeycomb unit demonstrates comparable spe-
cific compressive strength (51.6 MPa per g/cm?)
as the Al-5052 honeycomb unit (46.8 MPa
per g/cm?®) (Fig. 4B), although the 3D-molded
wood features the added advantages of po-
tentially being lower cost (table S1) and with
potentially enhanced environmental sustain-
ability. To evaluate the compressive and bend-
ing properties of the assembled 3D-molded
wood honeycomb core, we sandwiched the
structure between two Al plates (fig. S15). The
Al-3D-molded wood-Al honeycomb core sand-
wich demonstrated a compressive strength of
9.1 MPa (Fig. 4C) and a specific compressive
strength of 91.0 MPa per g/cm® which is
higher than that of the Al-5052 honeycomb
structure (specific compressive strength of
70.9 MPa per g/cm?®) (fig. S16). This sandwich
structure was able to support the weight of a
1588-kg car, which corresponds to 1526 times
the weight of the 3D-molded wood honey-
comb core itself (Fig. 4D).

Scaling the manufacturing of corrugated
3D-molded wood structures could be accom-
plished using the mature roll-to-roll manufac-
turing processes from the wood and pulp
industries (Fig. 4E) (42). For example, rotary
cutting produces large wood sheets, which can
be treated by the partial delignification, dry-
ing, and water re-swelling steps (fig. S17). All of
these processes are common in the wood and
pulp industries. Additionally, the 30-hour am-
bient drying step can be shorted to ~2 min
using hot air (~80°C) without affecting the
material’s moldability. Rolling or die forming
can then complete the fabrication of 3D-
molded wood corrugated structures. Addi-
tional gluing and assembling steps can create
the desired form, a 80 cm by 6 cm by 1.5 cm
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Fig. 4. Mechanical properties and LCA of the 3D-molded wood for strong,
lightweight structural designs. (A) An Ashby diagram showing the stiffness versus
density of 3D-molded wood, as well as various wood species (38) and polymers (39).
(B) Comparison of the specific compressive strength of the 3D-molded wood and
AI-5052 honeycomb units (1.5 cm in height by 2 cm in width and 4.4 cm in length).
(C) The compressive stress versus displacement plot of the Al-3D-molded wood-Al
honeycomb core sandwich structure. The inset shows the compression test
schematic. The 3D-molded wood honeycomb core was 1.5 cm in height by 6.5 cm
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in length and 6 cm in width. (D) Photographs of the sandwich structure supporting
the weight of a car, in which the core structure remained intact after loading.

(E) Manufacturing process schematic for scaling the fabrication of the 3D-molded
wood honeycomb core and its potential applications. (F) Photograph of a 3D-
molded wood honeycomb core, 80 ¢cm in length. (G) The environmental impacts of
3D-molded wood and Al alloy (high recycling content of 73.9%) per cubic centimeter
per megapascal based on the specific tensile strength, normalized to the higher-
impact material for each environmental impact category.
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3D-molded wood honeycomb core being one
example (Fig. 4F).

In order to replace certain traditional struc-
tural materials, such as Al alloys (40), the
long-term durability of 3D-molded wood is
necessary. Applying a surface coating of poly-
urethane to the 3D-molded wood can help
stabilize it against moisture (fig. S18). More-
over, both the uncoated and coated 3D-molded
wood demonstrate antifungal properties su-
perior to those of natural wood (table S2 and
fig. S19). However, more weathering tests
are required to determine the exact types of
modifications needed to ensure the long-term
durability of the 3D-molded wood product.
Ensuring uniform production during scale-up
and specific performance tests when integrated
into various system applications will also help
determine the best use for the 3D-molded wood.

In addition to its excellent functionality, the
3D-molded wood is directly fabricated from a
bio-sourced, renewable material (i.e., hardwood
species), potentially providing enhanced envi-
ronmental sustainability (e.g., a lower carbon
footprint) compared with traditional metal
and polymer-based structural materials. To
investigate this potential, we performed a
cradle-to-gate life cycle assessment (LCA) to
understand the comparative environmental
impacts of 3D-molded wood and Al alloy
(table S3 and fig. S20). We calculated the ratio
of the environmental impacts per cubic centi-
meter of the materials to their tensile strength
(megapascals) and stiffness (gigapascals)
(tables S4 and S5). Our study included differ-
ent environmental impact categories, such
as those related to ecosystem (acidification,
eutrophication, and ecotoxicity), global warm-
ing potential, fossil fuel depletion, environ-
mental issues (ozone depletion and smog
formation), and human health impacts (includ-
ing carcinogenic and noncarcinogenic health
impacts, and respiratory effects). The 3D-
molded wood shows substantial reductions
(59 to 99%) across all environmental impact
categories, even compared with Al alloy with a
high recycled content of 73.9% (Fig. 4G). Such
reductions are even larger (74 to 99% reduc-
tion) (fig. S21) compared with Al alloy with
lower recycled content (35%). Additionally, on
the basis of the specific tensile strength mea-
sured in this study, 3D-molded wood only
needs 21 to 23% of the mass of Al alloy to fulfill
the same strength requirements (equations S3
to S7). LCA results based on the material stiff-
ness, another important mechanical property
for a structural material, also show that com-
pared with Al alloy, 3D-molded wood has
lower environmental impacts in most catego-
ries, with a few exceptions (figs. S22 and S23).
The contribution analysis of the LCA identifies
the energy consumption of the wood treat-
ment as the major contributor to the environ-
mental impacts of the 3D-molded wood (table
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S6). However, by reducing the delignification
time (table S7; see the supplementary mate-
rials for more details), the environmental im-
pacts of the 3D-molded wood are drastically
reduced and lower than Al alloy across all im-
pact categories (figs. S24 to S28).

In this work, we demonstrate how cell wall
engineering can render wood foldable and
moldable while simultaneously improving its
mechanical properties—endowing wood with
a structural versatility previously limited to
plastics and metals. The 3D-molded wood
also has several advantages as a sustainable
material, with a potentially lower environ-
mental impact than Al alloy. 3D-molded wood
may also enable substantial fuel savings and
corresponding environmental benefits when
used as a lightweight structural material for
vehicles and aircraft. Additionally, wood pro-
ducts have the added benefit, compared to
plastics and metals, of large carbon storage
capabilities, which is recognized by the Inter-
governmental Panel on Climate Change for
mitigating global warming (43). Furthermore,
advances in wood processability and function-
ality could motivate better forest management
practices. We note that in addition to bass-
wood, other hardwood species and woods of
different tree ages and growth locations can
be used to fabricate the 3D-molded wood by
the same treatment, suggesting the universal-
ity of this approach to hardwoods and its po-
tential for wide-scale application (figs. S29 to
S31). Wood cell wall engineering can substan-
tially expand the versatility of this sustainable
and high-performance material, making wood
a potential alternative to plastics and metals in
structural applications.
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Turning wood into honeycombs

Wood is an attractive material for structural applications, but it usually works best as boards or sheets. Xiao et al. have
developed a process for engineering hardwood that allows these sheets to be manipulated into complex structures
(see the Perspective by Tajvidi and Gardner). The key is to manipulate the cell wall structure by shrinking and blasting
open the fibers and vessels by drying and “water-shocking” them. This process creates a window wherein the wood
can be manipulated without ripping or tearing. Honeycomb, corrugated, or other complex structures are locked in once
the wood dries. —BG
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