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M AT E R I A L S  S C I E N C E

Hierarchical and reconfigurable interfibrous interface 
of bioinspired Bouligand structure enabled by 
moderate orderliness
Si- Ming Chen1†, Guang- Zhen Wang1†, YuanZhen Hou2†, Xiao- Nian Yang3, Si- Chao Zhang1,  
ZiBo Zhu2, JiaHao Li2, Huai- Ling Gao1,2*, Yin- Bo Zhu2*, HengAn Wu2, Shu- Hong Yu1,4*

Introducing natural Bouligand structure into synthetics is expected to develop high- performance structural ma-
terials. Interfibrous interface is critical to load transfer, and mechanical functionality of bioinspired Bouligand 
structure yet receives little attention. Here, we propose one kind of hierarchical and reconfigurable interfibrous 
interface based on moderate orderliness to mechanically reinforce bioinspired Bouligand structure. The interface 
imparted by moderate alignment of adaptable networked nanofibers hierarchically includes nanofiber interlock-
ing and hydrogen- bonding (HB) network bridging, being expected to facilitate load transfer and structural stabil-
ity through dynamic adjustment in terms of nanofiber sliding and HB breaking- reforming. As one demonstration, 
the hierarchical and reconfigurable interfibrous interface is constructed based on moderate alignment of net-
worked bacterial cellulose nanofibers. We show that the resultant bioinspired Bouligand structural material ex-
hibits unusual strengthening and toughening mechanisms dominated by interface- microstructure multiscale 
coupling. The proposed interfibrous interface enabled by moderate orderliness would provide mechanical insight 
into the assembly of widely existing networked nanofiber building blocks toward high- performance macroscopic 
bioinspired structural assemblies.

INTRODUCTION
Fiber- based hierarchical structure is widespread in mechanically su-
perior biological tissues (1, 2). Bouligand structure composed of 
twist- stacked nanofiber lamellae is one typical case (2). Many tissues 
such as the hammer of stomatopod, fish scale, and lobster underbelly 
exhibit Bouligand structural characteristics and thus amazing me-
chanical properties (3–6). Structural bionics has been proven as a 
promising path to creating advanced materials (1, 2, 7–11). Under 
such circumstances, flexible replication of natural Bouligand struc-
ture attracts increasing attention aiming to develop high- performance 
structural materials (12–14).

Various fiber building blocks (such as long/short fibers, biomass/
synthetic fibers, and organic/inorganic fibers) and fiber assembly 
strategies (such as self- assembly and artificial assembly) have been 
developed for the construction of bioinspired Bouligand structural 
materials. More specifically, long fiber–based impact- resistant mate-
rials [such as nylon- epoxy composite and polyvinyl alcohol (PVA) 
hydrogel] and lightweight and strong silk materials with bioinspired 
Bouligand structure were fabricated via electrospinning and textile 
processing (15–17). Discrete organic cellulose/chitin nanocrystals 
and inorganic NiMoO4·x H2O nanowires can be helically aligned for 

bioinspired Bouligand structure by self- assembly and the Langmuir- 
Schaefer assembly (18–20). In addition, external field–assisted as-
sembly strategies such as electric field–assisted additive manufacturing 
and sliding shear force field–assisted programmable brushing were 
also developed to align discontinuous micro/nanofibers (such as 
carbon nanotube, hydroxyapatite microfiber, and xonotlite nanofi-
ber) into macroscopic bioinspired Bouligand structural assemblies 
(13, 21, 22).

Although considerable progress has been made, most studies fo-
cused on the establishment of fiber assembly strategies and the as-
sembly of different raw materials, efforts in interfacial design of 
micro/nanofiber building blocks for boosting interfibrous load trans-
fer, and mechanical functionality of bioinspired Bouligand structure 
are still deficient. Impressively, natural Bouligand tissues are bril-
liant at the interfibrous interface, with mineralized nanoparticles or 
polymeric networked matrix tightly connecting adjacent nanofi-
bers, and with pore canal fibers or fibrillar strands pinning nanofi-
ber lamellae along the thickness direction (TD) (5, 23–25). Ingenious 
biointerfaces can stabilize the Bouligand structure and simultane-
ously allow nanofiber micromovement for toughening. Unfortunate-
ly, how to design interfibrous interface of bioinspired Bouligand 
structure to realize high structural stability while maintaining move-
ment activity of fiber building blocks for macroscopic mechanical 
reinforcement remains largely unexplored.

Here, we propose a design concept of hierarchical and reconfigu-
rable interfibrous interface for bioinspired Bouligand structure based 
on moderate alignment of networked nanofiber building blocks 
(Fig. 1, A to D). The hierarchical interfibrous interface refers to nano-
fiber interlocking and three- dimensional (3D) hydrogen- bonding 
(HB) network bridging that fundamentally arises from networked 
nanofiber reorganizing- aligning- densifying process (Fig. 1, B and E). 
Different from the conventional chemical cross- linking (curing) for 
bioinspired interfacial design, the hierarchical interfibrous inter-
face is adaptively dynamic to extensively disperse multidirectional 
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(in- plane and out- of- plane) loads via the relative sliding of nanofi-
bers and the breaking- reforming of HBs (Fig. 1F). Using networked 
bacterial cellulose (BC) nanofibers (fig. S1) with rich hydroxyl (- OH) 
functional groups (26), as one demonstration, we construct hierar-
chical and reconfigurable interfibrous interface and fabricate bioin-
spired Bouligand structural material with moderate orderliness via 
sequentially stretching, twist- stacking, and densifying BC films (SBC) 

(Fig. 1, A to D, and fig. S2). Multimodal structural, mechanical, and 
biological studies show that the resultant SBC- based bioinspired 
Bouligand structural material (SBCB) exhibits excellent mechanical 
performance fortified by hierarchical and reconfigurable interfibrous 
interface, showing large potentials for repairing energy- dissipating 
fibrous cartilages. The proposed hierarchical and reconfigurable in-
terfibrous interface of bioinspired Bouligand structure enabled by 

Fig. 1. Hierarchical and reconfigurable interfibrous interface of bioinspired Bouligand structure enabled by moderate orderliness. (A to D) Schematic of fabricat-
ing moderate- ordered bioinspired Bouligand structure based on networked nanofibers. (E and F) hierarchical and reconfigurable interfibrous interface of the moderate- 
ordered bioinspired Bouligand structure. (G) Side- sectional and cross- sectional snapshots of the initial simulated ordered (0° orientation angle) and moderate- ordered 
(15° orientation angle) models assembled by cellulose chains. (H) number and evolution of hBs as the function of tensile strain. (I and J) 3d snapshots of the initial simu-
lated ordered model and moderate- ordered model, showing the more stereoscopic hB (blue line) network bridging within the latter. (K and L) Snapshots of the ordered 
and moderate- ordered models at three typical deformation stages. the shear strain distribution indicates the relative sliding of cellulose chains at the plastic stage and 
the stronger failure- resistant capability of the moderate- ordered model. enlarged snapshots show chain interlocking within the moderate- ordered model and chain 
separation within the ordered model.
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moderate orderliness would provide useful insights into the me-
chanical reinforcement design of nanocellulose materials and be 
beneficial for assembling networked nanofiber building blocks into 
high- performance bioinspired Bouligand structural materials for 
applications.

RESULTS
Moderate orderliness and hierarchical and reconfigurable 
interfibrous interface
Uniaxial stretching is used to align adaptable networked BC nanofi-
bers. In the meantime, it can be used to shorten the interfibrous dis-
tance to facilitate nanofiber interlocking and HB 3D networking 
(Fig. 1, B, E, and F), both of which make up the hierarchical interfi-
brous interface (interaction) that we envision. Instead of directly 
clamping samples for stretching, a self- holding roll technique is used 
to mitigate stress concentration and premature failure at the clamp-
ing positions (fig. S2A). After being stretched, hydrated BC slices will 
undergo a confined- drying process (fig. S2B) (27). We can achieve a 
maximum of 30% stretching ratio (SR). Perhaps a higher SR can be 
expected by pretreating slices (28), but anyway, BC nanofibers cannot 
be perfectly aligned but are moderately ordered (Fig. 1B). The essen-
tial effect of BC nanofiber alignment on the interfibrous interaction 
(i.e., spatial HB network) cannot be nonnegligible, which largely in-
fluences the macroscopic mechanical properties from bottom to up 
(29, 30). However, it is difficult to experimentally study the effect of 
the precise orientation of networked BC nanofibers and HBs on me-
chanical properties. Toward this end, large- scale molecular dynamics 
(MD) simulation, as one powerful tool, is used for quantitative inves-
tigation and theoretical analysis.

We first establish some assembly models of numerous cellulose 
molecular chains with different spatial orientation angles (0°, 10°, 
15°, 20°, and 25°) that deviate from stretching direction (SD) (Fig. 1G 
and fig.  S3). These static models show structural consistency with 
real situations to some extent: For the 0° model with high structural 
orderliness (representing the stretching limit), long cellulose molec-
ular chains are not strictly parallel- aligned in in- plane direction; for 
small angle–oriented models, long cellulose molecular chains ex-
hibit obvious nonparallel and entangled arrangements. Uniaxial ten-
sion simulation is then conducted to study the effect of structural 
orientation on mechanical properties. The ultimate strength (and 
toughness) of small- angle (10° and 15°) deviate- oriented models are 
superior to the 0° model (fig. S4A). From the perspective of stress- 
strain curves, the tension- to- fracture process can be divided into 
linear elastic stage, nonlinear plastic stage, and failure stage (fig. S4A). 
Young’s modulus of different models maintains consistently within 
the linear elastic stage (strain below ~0.025), attributed to the uni-
form deformation of overall cellulose chains. When it comes to the 
plastic stage, the small angle–oriented models show an obvious 
strain- hardening effect and obtain optimal ultimate strength near 
the 15° orientation angle (fig.  S4A). Considering the weakened 
strength of models at the orientation angle over 15°, it can be in-
ferred that the appropriate spatial HB network plays an important 
role during the tension- induced interchain relative sliding process, 
in addition to the structural orientation.

Further, the HB analysis manifests that the number of HBs in 
small angle–oriented models is higher than the 0° (ordered) model 
and reaches an optimal value at 15°, which is consistent with the 
variation trend of tensile strength (Fig. 1H and fig. S4, B and C). The 

inference about the number of HBs is further corroborated by the 
Fourier transform infrared spectroscopy (FTIR) spectra of simulated 
molecular models with different spatial orientation angles (fig. S5) be-
cause the lowering wave number of - OH always indicates high quality 
and a large number of HBs (31–33). Compared to the 0° (ordered) 
model with a quasi- 2D HB network (Fig. 1I), the interpenetrating- 
chain system [such as a 15° (moderate- ordered) model] provides the 
structural basis for building a stereoscopic 3D HB network (Fig. 1J), 
thus optimizing the spatial distribution and density of HBs. On the 
one hand, the spatial bridging effect by 3D HB network enhances the 
load transfer capacity and failure- resistant stability; on the other 
hand, more energy dissipation based on HB breaking- reforming 
events is introduced in the plastic deformation stage (34, 35). Fig-
ure 1H and figs. S4 and S6 further demonstrate that the number of 
HBs increases with the tensile strain, contributing to the strain hard-
ening in the plastic deformation stage. Moreover, the simulated snap-
shots at the critical failure state indicate that the interpenetrating- chain 
system [15° (moderate- ordered) model] promotes fiber- like chain 
interlocking and bridging, thus facilitating ductile fracture rather 
than brittle fracture [0° (ordered) model with chain separation] 
(Fig. 1, K and L, and movies S1 and S2). The structure with an orienta-
tion angle over 15° will diminish the alignment of cellulose chains and 
descend the spatial density of HBs, thus exhibiting decreased me-
chanical properties (fig. S4) (36). The reduced spatial density of HBs 
based on simulation can be partly proved by experimental FTIR spec-
tra of original BC film (OBC), SBC with 15% SR, and SBC with 30% 
SR (fig. S7) (31–33).

Overall, the generation of interpenetrating microstructure can 
optimize spatial HB network dimension and promote chain inter-
locking but weaken structural alignment. Such contradictory effects 
will produce a moderate orderliness of chain assemblies to acquire 
optimal interchain interface and thus optimal mechanical proper-
ties. The moderate orderliness design can work synergistically at 
both levels of interface and microstructure. It is not that the smaller 
the orientation angle, the higher the mechanical properties, reflect-
ing the trade- off of structural orientation, chain interlocking, and 
HB network. Although the simulations are based on cellulose mo-
lecular chains instead of nanofibers, the intrinsic mechanisms of 
structural orientation, chain interlocking, HB network, and their 
evolutions are consistent (34–37). The moderate orderliness and its 
derived hierarchical and reconfigurable interfibrous interface (chain 
interlocking and HB network bridging) would provide insights into 
the mechanical reinforcement design of macroscopic nanofiber as-
semblies.

Interfibrous interface and nanofiber micromovement of SBC 
with moderate orderliness
Weighing the simulations (highlighting moderate design) and 
natural Bouligand tissues (highlighting precise design), as one 
demonstration, we simplistically choose the SBCs with 30% SR as 
unidirectional lamellae to construct hierarchical interfibrous in-
terface and then fabricate moderate- ordered bioinspired Bouli-
gand structural material (Fig. 1, A to F). The unidirectional films 
mentioned in the following are all films with 30% SR. Distinct 
from OBC that is naturally intertwined, SBC exhibits nanofiber 
alignment partly by scanning electron microscope (SEM) observa-
tion (Fig.  2, A to C). Under cross- polarizing light, two cross- 
stacked SBCs exhibit an obvious light shading effect (fig. S8A), 
implying nanofiber alignment and global structural uniformness 

D
ow

nloaded from
 https://w

w
w

.science.org on January 09, 2025



Chen et al., Sci. Adv. 10, eadl1884 (2024)     5 April 2024

S C i e n C e  A d v A n C e S  |  R e S e A R C h  A R t i C l e

4 of 11

of SBC (38). Small- angle x- ray scattering (SAXS) patterns and in-
tegral curves of both unidirectional-  and cross- stacked SBC lami-
nates exhibit azimuthal intensity features (fig.  S8, B to D) (39), 
further implying the structural orderliness. Note that the azimuth-
al intensity is not very sharp, partly verifying the nonparallel and 
entangled alignment of nanofibers within SBC.

Using graph theory (GT)–based structural analysis, we can quan-
tify the nanofiber interlocking (or entangled alignment) within SBC 
by extracting the clustering coefficient from surface SEM image (40, 
41). Studies show that the clustering coefficient of SBC is 0.10642 and 
higher than that of OBC (0.06764) possibly due to the stretching- 
induced densification process (figs. S9 and S10). A relatively high 
value of clustering coefficient indicates that nanofiber interlocking 
exists robustly in SBC. We further investigate the internal structure 
of SBC via fracture cross- sectional analysis. It is expected that exten-
sive pull- out of main- aligned- directional nanofibers (MADNs) can 
be found (Fig. 2D). The alignment direction of MADN is parallel to 
SD indicated by arrow (Fig. 2D). Further, nanofiber branching (cir-
cles) and interlacement (yellow arrows) are found (Fig. 2, E and F). 
Quantitatively, the clustering coefficient from the fracture cross- 
sectional SEM image of SBC is 0.08873 (fig. S11). Under such cir-
cumstances, the hierarchical interfibrous interface including nanofiber 
interlocking as well as 3D HB network bridging within SBC can be 
expected.

The hierarchical interfibrous interface can affect the mechanical 
properties of macroscopic nanofiber assemblies (35, 42). Here, we 
apply tensile load to crack the prenotched SBC (notch direction is 
parallel to SD; loading direction (LD) is perpendicular to SD) to 
investigate the interface behavior and movement activity of nanofi-
bers. A large shadow zone around crack can be found after tensile 
loading (Fig. 2G, inset), implying extensive load transfer and energy 
dissipation. Further, curving, rotation, and bridging of nanofibers 
can be found at the shadow zone (Fig. 2, G and H, and fig. S12). The 
extensive nanofiber micromovement (internal cause of shadow 
zone formation) is initially driven by non- MADN (warm- colored 
zones in Fig. 2I) because the pre- crack direction is inconsistent with 
the long- axis direction of non- MADN; further, it is collaboratively 
contributed by non- MADN and MADN due to their interconnect-
ed networked characteristic. It can be speculated that the hierarchi-
cal interfibrous interface (nanofiber interlocking and HB network 
bridging) is organized and dynamic, enabling non- MADN and 
MADN to collaboratively move to adapt to external loads. The hier-
archical and reconfigurable interfibrous interface, fundamentally 
endowed by the moderate alignment of adaptable networked nano-
fibers, different from the previously reported nonreversible chemi-
cal cross- linking (curing) for bioinspired interfacial design (1, 9, 
43), can facilitate extensive load transfer and avoid sudden cata-
strophic failure.

Fig. 2. Nanofiber interlocking and micromovement within moderate- ordered SBC. (A) SeM image of OBC showing naturally disordered nanofibers. (B and C) SeM 
image of SBC showing moderate nanofiber orientation. Arrows indicate Sd. (D to F) SeM images of SBC’s inclined cross section. White arrows indicate Sd, circles indicate 
nanofiber branching, and yellow arrows indicate interlaced nanofibers. (G and H) SeM images of prenotched SBC’s surface under tensile loading. inset (G) is an OM image 
showing crack propagation. White arrows [(G) and (h)] indicate crack direction, and yellow arrow (h) indicates MAdn. (I) False- color SeM image of SBC surface. the arrow 
indicates Sd. Warm- colored zones partly indicate nonparallel and entangled nanofibers (non- MAdn).
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Mechanical superiorities of SBCB endowed by moderate 
orderliness and interfibrous interface
We can introduce the hierarchical and reconfigurable interfibrous 
interface into bioinspired SBCB via bottom- up assembly (twist- 
stacking and densifying SBCs) (Fig.  1, C and D). The smaller the 
interlamellar twisted angle, the better the performance of the bioin-
spired Bouligand structure (6, 22). Twenty- degree twisted angle is 
set by referring to our previous work (22) and natural Bouligand 
tissues (4, 6, 16). Experimentally, polyhydric PVA with strong HB 
formation capability exhibits good wettability and can fill the micro/
nanoscale ravines of SBC (fig. S13, A and B); it, therefore, is used as 
an interlamellar adhesive. As shown in the cross section of bioin-
spired SBCB (fig. S13, C to F), twisted alignment of nanofibers can 
be found. Moreover, under cross- polarizing light, much larger- scale 
twisted alignment can be detected via the brightness- and- color evo-
lution of nanofiber assemblies (13, 38, 44). Specifically, when a cross 
section containing predesigned two twist- aligned lamellae (fig. S13, 
G to I) is rotated 20°, it can uniformly change in brightness and color 
along TD (fig. S13, J to L) (45). This kind of structure- optics related-
ness confirms the global twisted alignment of nanofibers, which is 
the precondition of bioinspired Bouligand structural design. In ad-
dition, it also inspires a convenient optical way to investigate interfi-
brous interface–mediated nanofiber micromovement and structural 
evolution of bioinspired assemblies.

Beyond natural Bouligand tissues and most reported bioinspired 
Bouligand structural materials (highlighting precise assembly of dis-
crete fibers) that are considered to be isotropic, the moderate- ordered 
bioinspired SBCB with hierarchical and reconfigurable interfibrous 
interface exhibits hierarchical isotropy. The isotropy relates to not only 
the twisted alignment of SBCs but also the moderate alignment of net-
worked BC nanofibers within SBC. Single lamella is the basis of bioin-
spired Bouligand structure. SBC can flexibly adapt to in- plane tensile 
load via hierarchical and reconfigurable interfibrous interface–
mediated nanofiber micromovement and HB breaking- reforming. 
Specifically, when LD is parallel to SD, most nanofibers can further 
straighten (Fig. 3A, top), which is reflected by the color variation and 
homogenization of SBC under in  situ tensile loading and cross- 
polarizing light (Fig. 3B, top, and movie S3). When LD deviates (20°) 
from SD, non- MADN can move first and drive MADN reorientation 
(Fig. 3A, bottom) without causing severe in- plane interfibrous disso-
ciation. This inference is analogously reflected by the color variation 
and structural integrity of SBC (Fig. 3B, bottom, and movie S4).

In addition, the nanofiber reorientation can be directly detected by 
SEM. As shown in the cross section containing three twist- aligned la-
mellae (white arrows) (Fig. 3C), most nanofibers can reorient to LD 
(yellow arrow), reflecting the adaptability of networked nanofibers to 
external load. Moreover, the nanofiber micromovement can be moni-
tored by SAXS. As shown in Fig. 3 (D to F), the SAXS patterns of bioin-
spired SBCB under tensile loading can occur in directional protrusions 
based on the original roundness (indicating SBCB’s isotropy). The ap-
pearance and shift of peaks in the integral curves (Fig. 3G) further pro-
vide evidence of nanofiber micromovement and reorientation. It can be 
speculated that, compared to the conventional bioinspired Bouligand 
structural materials, the moderate- ordered bioinspired SBCB can ex-
tensively transfer loads via hierarchical and reconfigurable interfibrous 
interface–mediated nanofiber micromovement and HB breaking- 
reforming. As expected, bioinspired SBCB exhibits mechanical insensi-
tivity to tensile LD (Fig. 3, H to J). When LD is parallel to the SD of one 
SBC, the peak force and energy absorption are 33.82 and 68.03 N mm; 

when LD is parallel to the bisector direction of two neighboring SBCs, 
the peak force and energy absorption are 32.23 and 63.10 N mm.

In addition to contributing to resisting in- plane tensile load, the hi-
erarchical and reconfigurable interfibrous interface also imparts bioin-
spired SBCB with excellent capability to resist out- of- plane loads. When 
responding to puncture load, the constructed bioinspired Bouligand 
structure with moderate orderliness is more dominant than the conven-
tional bioinspired Bouligand structure. Specifically, single moderate- 
ordered lamella can effectively transfer and disperse load from the initial 
load- bearing point via nanofiber micromovement and HB breaking- 
reforming mediated by hierarchical and reconfigurable interfibrous in-
terface. Thus, the stress- affected area is large but the actual failure area is 
small (Fig. 4A). In contrast, without a strong interfibrous interface for 
transferring loads, the strictly unidirectional lamella within the conven-
tional bioinspired Bouligand structure will cause stress concentration 
and then severe anisotropic damage (such as interfibrous dissociation) 
for releasing stress (Fig. 4B). One 3D- printed bioinspired Bouligand 
model with strict fiber alignment showing severe interfibrous slit 
(fig. S14) qualitatively corroborates our viewpoint.

Overall, compared to the conventional bioinspired Bouligand 
structure, the moderate- ordered bioinspired Bouligand structure with 
hierarchical and reconfigurable interfibrous interface owns rich load 
transfer pathways and thus improved structural stability. Note that the 
OBC laminate exhibits natural isotropy, partly implying effective dis-
persion of out- of- plane loads, but it exhibits poor performance due to 
low density and a lack of an organized direction- reinforcement struc-
ture. Mechanical investigation shows that the peak force and energy to 
puncture of bioinspired SBCB (16.13 and 3.64 N mm) are much high-
er than those of SBCs (13.79 and 2.98 N mm) and OBCs (10.31 and 
2.03 N mm) (Fig. 4, C to E). Optical observation of punctured zones 
reveals that bioinspired SBCB exhibits a small damaged area (circle) 
without crack propagation (Fig. 4F), while SBCs exhibits large damage 
with cracks (arrows) (Fig. 4G). Note that the cracks are tortuous and 
different from those generated in strictly unidirectional materials 
(fig. S14), implying crack deflection for toughening caused by the 
moderately aligned and interlocked nanofibers. In contrast, OBCs ex-
hibits unpredictable crack proliferation for releasing stress (Fig. 4H).

Bioinspired SBCB with hierarchical and reconfigurable interfi-
brous interface, extensive load transfer capability, and benign com-
ponents exhibits large potentials for biomedical applications such as 
repairing energy- dissipating fibrous cartilages. Exogenous repairing 
materials are often perforated for fixation. Because of the in  vivo 
load complexity, stress concentration inevitably occurs at the fixa-
tion positions and then causes severe crack proliferation. Consider-
ing this scenario, we investigate the crack resistance of bioinspired 
SBCB via directionally loading one preinserted nail (fig.  S15A). 
Load- displacement curves imply that the peak force of bioinspired 
SBCB is relatively high compared to SBCs and OBCs (fig. S15B). For 
bioinspired SBCB, the pre- crack is hard to propagate from any di-
rection because it is surrounded by the helical- aligned lamellae. In 
other words, the hierarchically isotropic bioinspired SBCB sets 
strong crack stoppers in all directions, which is different from SBCs 
with one unidirectional crack stopper and OBCs without organized 
crack stoppers. Not limited to cracking at the fixation positions, ex-
ogenous repairing materials unpredictably give rise to tearing acci-
dents. The crack resistance is further investigated by prenotched tear 
tests (fig.  S16). Because of low unidirectional- reinforcement ratio 
compared to SBCs, bioinspired SBCB exhibits moderate load resis-
tance. Note that its structural stability is superior to that of SBCs due 
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to hierarchical isotropy and well- interlamellar coupling capability. It 
thus can dissipate a lot of energy responding to tear load (fig. S16C).

Wet mechanical properties and application prospect of SBCB
Wet conditions in vivo lead us to investigate the tear resistance of 
hydrated bioinspired SBCB. Water, widely existing in natural Bouli-
gand tissues (such as fish scale and lobster underbelly) (3, 4, 46), can 
facilitate the cellulose- water molecule- cellulose HB formation and 
reduce the interfacial energy barrier required to overcome, thus 
boosting nanofiber sliding and producing more energy dissipation 
behaviors of bioinspired SBCB (22, 35). In other words, the introduc-
tion of water molecules can further stimulate the already high move-
ment activity of nanofibers within bioinspired SBCB. Mechanical 
studies show that the energy absorption of hydrated bioinspired 

SBCB is 28.28 N mm, which is 6.31 times that of dry bioinspired 
SBCB (4.48 N mm) (fig. S16C) and is still at a high level compared to 
that of hydrated SBCs (17.33/9.48 N mm) (Fig. 5, A to C).

As mentioned earlier, nanofiber orientation can correlate with 
color under cross- polarizing light (fig. S13, J to L), which provides 
convenience for detecting nanofiber micromovement and load trans-
fer. As shown in Fig. 5D, the positions (top right and bottom right) 
away from the crack exhibit relatively uniform color, implying the 
global structural uniformness of bioinspired SBCB. The position 
around the crack tip evolves to be multicolored, implying nanofiber 
micromovement and structural change. Note that the nanofiber mi-
cromovement is not confined to one single lamella but multiple la-
mellae because the color appearance is not uniform, which is different 
from the earlier observation of two twist- aligned lamellae (fig. S13, J 

Fig. 3. Hierarchical and reconfigurable interfibrous interface–enabled extensive nanofiber micromovement under in- plane tensile loading and hierarchical 
isotropy of bioinspired SBCB. (A) Schematic of structural evolution of SBC under different lds. When ld is parallel to Sd (amber arrow), nanofibers can be straightened; 
when it deviates from Sd, nanofibers can be reoriented. (B) Polarized optical microscopy (POM) images of SBC under in situ tensile loading (with different lds). White ar-
rows indicate ld, and amber arrows indicate Sd. (C) SeM image of bioinspired SBCB’s cross section showing nanofiber reorientation. White arrows indicate the Sd of three 
lamellae, and yellow arrow indicates the reorientation direction. Most nanofibers within three lamellae are reoriented. (D to F) SAXS patterns of bioinspired SBCB under 
tensile loading. As displacement increases, patterns change directionally, implying nanofiber reorientation. (G) integral curves based on SAXS patterns. the appearance 
and shift of peaks (arrows) imply nanofiber reorientation. (H to J) Mechanical insensitivity of bioinspired SBCB to ld. ld is parallel to Sd of the top lamella and neighboring 
lamellae bisector direction, respectively. the sample size is 3 mm (width) by 15 mm (length), the gauge length is 5 mm, and the loading rate is 0.005 mm s−1. All the error 
bars represent the standard deviation of at least three replicate measurements.
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to L). The large- area multicolored zone (Fig. 5E) reflects extensive 
nanofiber micromovement, load transfer, and energy dissipation en-
dowed by the hierarchical and reconfigurable interfibrous interface 
that is mediated by water molecules. Zooming in on the crack tip 
further reveals rough fracture morphology (Fig. 5F), implying twist-
ed crack propagation along TD to dissipate energy (22).

Compared to optical observation, SEM can provide more direct 
and subtle structural information here. As shown in Fig. 5G, large- 
area stria can be found, verifying the abovementioned extensive 
load transfer. The stria direction (yellow arrow in Fig. 5G) and 
nanofiber alignment direction (arrow in Fig. 5H) are approximately 
consistent. Further, nanofibers at the low- positioned lamellae are 
found to reorient toward the stria direction by curving and rotation 
(Fig. 5, G, I, and J). Specifically, in Fig. 5J, yellow arrow and white 
arrow indicate the original orientation direction and reorientation 
direction, respectively, and color- gradient curved lines show nano-
fiber reorientation. Overall, the direction convergence between 
nanofiber alignment and stria indicates flexible responses of the 

moderate- ordered bioinspired SBCB to external loads. It can be 
speculated that, for the networked nanofiber building blocks, the 
moderate- ordered bioinspired Bouligand structure with hierarchi-
cal and reconfigurable interfibrous interface represents one kind of 
mechanically optimal structure. Integrating the advantages of high 
mechanical performance, biocompatibility (Fig. 6, A to D), shape 
adaptability (Fig. 6, E to J), and size/weight stability (Fig. 6, K and L, 
and fig. S17), bioinspired SBCB is suitable for repairing complex 
loaded and shaped meniscus (Fig. 6, M to O) [as a demonstration, 
an eccentric “artificial meniscus” is envisioned (Fig. 6, P and Q)] and 
cartilage endplate.

DISCUSSION
In this work, focusing on the interfibrous interface that is critical to 
load transfer, structural stability, and mechanical functionality of 
bioinspired Bouligand nanofiber assemblies, we propose one kind of 
hierarchical and reconfigurable interfibrous interface (nanofiber 

Fig. 4. Hierarchical and reconfigurable interfibrous interface–enabled extensive load transfer of bioinspired SBCB under (out- of- plane) puncture loading. 
(A and B) Puncture scenarios of one single SBC within bioinspired SBCB and one strictly unidirectional lamella within the conventional bioinspired Bouligand structure. 
Yellow points and circles and red circles indicate force- bearing points, failure areas, and stress- affected areas, respectively. (C to E) load- displacement curves, peak force, 
and energy absorption of bioinspired SBCB, SBCs, and OBCs. (F to H) OM images of punctured (0.5- mm- diameter needle) zones of bioinspired SBCB, SBCs, and OBCs. 
Circles indicate the main damaged areas. Arrows indicate crack propagation. All the error bars represent the standard deviation of at least three replicate measurements.
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interlocking and HB network bridging) based on moderate orderli-
ness design. Through nanofiber sliding and HB breaking- reforming, 
the interface can adapt to multidirectional loads and facilitate ener-
gy dissipation for maintaining structural stability and mechanical 
functionality. Fundamentally, the moderate orderliness design here 
can work synergistically at both levels of interface and microstruc-
ture, finally endowing the designed materials with improved me-
chanical properties than previously reported bioinspired Bouligand 
structural materials. Overall, the proposed hierarchical and recon-
figurable interfibrous interface and the moderate orderliness design 
of the bioinspired Bouligand structure would provide important 
insights into the mechanical reinforcement design of polyhydric 
nanocellulose materials. They can also guide the transformation of 
widely existing networked nanofiber building blocks into high- 
performance macroscopic bioinspired Bouligand structural assem-
blies for applications. Further, in addition to the efforts in the 
establishment of assembly strategies and the assembly of different 
raw materials, the efforts in the hierarchical interfacial design of 

micro/nanoscale building blocks would drive the field of bioinspired 
structural materials including fiber- based materials and nacre- inspired 
materials toward distinctive development paths.

MATERIALS AND METHODS
Materials
BC hydrated slices (2 mm thickness) were purchased (Guilin Qihong) 
and cut into a rectangle shape of 10 cm (width) by 30 cm (length). 
These slices were put into warm water (40°C) for 24 hours to swell 
and loosen. PVA aqueous solution (1 wt %) was prepared by powder 
dissolution at 90°C for 6 hours.

Stress- induced nanofiber alignment and 
assembly generation
To minimize stress concentration at the clamping positions, two ends 
of one slice were fixed via twining (fig. S2A). In this case, the uniaxi-
al load can fully transfer to the slice. One universal mechanical 

Fig. 5. Hierarchical and reconfigurable interfibrous interface–enabled extensive load transfer of bioinspired SBCB under tear loading. (A to C) load- displacement 
curves, peak force, and energy absorption of wet bioinspired SBCB and SBCs. (D to F) POM images of crack tip of bioinspired SBCB. Arrow indicates crack direction. (G) SeM 
image of the crack tip and its surroundings showing obvious stria. White arrow indicates crack direction; yellow arrow indicates the stria direction near box (h). (H) SeM 
image showing nanofiber alignment (arrow). (I) SeM image showing relatively horizontal stria. (J) SeM image showing nanofiber reorientation. All the error bars represent 
the standard deviation of at least three replicate measurements.
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equipment (Instron 5565- A) was used for stretching with constant 
displacement mode (1 mm min−1). A high- power humidifier was 
used to wet slice. The slice can be stretched ~30% when cracking. The 
stretched slice was still held on clamping for 30 min to shape and 
then taken off and put into water (two ends were fixed) for 24 hours 
to further balance. Subsequently, the hydrated slice (two ends were 
fixed) was put on the polymethyl methacrylate substrate at 40°C until 
it was completely dried (fig.  S2B). The original slice was dried di-
rectly (without stretching) to get OBC. With PVA as adhesive, the 
films were stacked together to form laminates.

Sample characterizations
Optical microscopy (OM) images were acquired by an optical micro-
scope (OLYMPUS BX53M). SEM images were acquired by equipment 
(Hitachi, SU8220), and samples were coated with platinum before 

observation. Instron 5565- A (500- N load cell) mechanical equipment 
was used for stretching and mechanical tests. SAXS patterns were ac-
quired by equipment (Anton Paar SAXSpoint 2.0). FIT2D software 
was used to further process SAXS patterns. ImageJ software with 
OrientationJ plug was used to mark nanofiber orientation based on 
SEM image. Experimental FTIR spectra were acquired by equipment 
(Thermo Fisher Scientific, Nicolet iN10). Confocal laser microscopy 
image was acquired by equipment (CLSM, Zeiss, LSM880).

GT- based structural analysis
The GT- based analyses were performed to quantitatively charac-
terize the interlocking of cellulose nanofibers at the nanoscale, 
using the relevant SEM images. The clustering coefficients from 
GT description of the nanofiber networks were calculated via the 
StructuralGT software (40, 41).

Fig. 6. Biomedical application prospects of bioinspired SBCB. (A to C) SeM images of cell- bioinspired SBCB complexes. (D) Confocal laser microscope image of cell- 
bioinspired SBCB complexes. (E to J) hydrated bioinspired SBCB showing flexibility and adaptability. (K and L) Stability of hydrated bioinspired SBCB soaked in the 
phosphate- buffered saline (PBS) solution at room temperature. (M and N) digital images of knee joint model during bending. Blue meniscus suffers complex loads. 
(O) digital image of complex- shaped meniscus model. (P and Q) digital images of one eccentric half- ring–shaped material.
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Mechanical tests
For tensile tests, samples were carefully cut into 5- mm- wide and 
20- mm- long stripes (150 μm thick). Tests were performed at a load-
ing rate of 0.01 mm s−1 with a gauge length of 5 mm. For tear tests, 
samples (5 mm wide by 20 mm long by 150 μm thick) were notched 
to half of the width using a sharp blade. Tests were performed at a 
loading rate of 0.1 mm min−1 with a gauge length of 5 mm. For 
puncture tests, samples (10 mm wide by 10 mm long by 150 μm 
thick) were clamped on the man- made holding device that leaves a 
circular hollow region (5- mm diameter) in the center. The diameter 
of the needle tip was 500 μm; puncture loading rate was 0.01 mm 
s−1. For nail- induced crack propagation tests, a nail (500- μm diam-
eter) was inserted into the sample (5 mm wide by 20 mm long by 
150 μm thick). For all samples, the nail was inserted into the same 
position. The travel rate of the nail is 0.02 mm s−1. All samples were 
stored at a relative humidity of 50% at 25°C for 48 hours before the 
test. Hydrated samples were soaked in water for 48 hours before the 
test. Each sample contained at least five specimens.

MD simulations
MD simulations were performed by the Large- scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) code package (47) to 
investigate the effect of cellulose network orientation degree on me-
chanical behaviors at the nanoscale. The first principles–based reac-
tive force field was used to simulate the deformation process, which 
has been demonstrated to provide a reliable description of noncova-
lent interactions between cellulose molecules (34, 35, 48). To take 
the intermolecular bonding interactions and the fiber- network 
structural features into consideration simultaneously in our finite- 
scale molecular models, cellulose molecular chains were adopted to 
represent the high–aspect ratio cellulose nanofibers (34, 36). The 
models of numerous cellulose molecular chains with different spa-
tial orientation angles (0°, 10°, 15°, 20°, and 25°) that deviated from 
SD were established. All orientation models were composed of 150 
cellulose molecular chains with 30 glucose units. The size of each 
model is 80 nm by 10 nm by 10 nm. Periodic boundary conditions 
were set perpendicular to the long axis. The time step of MD simula-
tions was 0.5 fs. To obtain the equilibrium structure, energy minimi-
zation was first performed on all simulated systems based on the 
conjugate- gradient algorithm with an energy- convergence criteri-
on. Then, the system was equilibrated for 0.5 ns in an isothermal- 
isobaric (NPT) ensemble at a low temperature (10 K) and a zero 
pressure, ensuring the minimum energy and internal stress. The 
uniaxial tension load was conducted by moving both ends of the 
assembly model along the long axis in opposite directions with a 
constant velocity of 0.0002 Å fs−1. The NPT ensemble with pressures 
perpendicular to the tension direction controlled to zero was ap-
plied to the tension process. A low temperature (10 K) was chosen to 
suppress thermal noise and reveal the characteristic deformation 
mechanisms. The HB networks in initial models were displayed as 
blue dashed lines by the VMD Hydrogen Bonds plugin (49). The 
initial models and MD simulation snapshots were visualized by 
OVITO software (50).

FTIR spectra analysis of molecular models
The FTIR spectra calculations of simulated molecular models with 
different tensile strain and spatial orientation angles were conducted 
using LAMMPS code package and an available Python code (47, 51, 
52). The LAMMPS was used to compute the net dipole moment of 

the system. The Python script was performed to determine the dipole- 
dipole autocorrelation function and execute the Fourier transform to 
derive the IR curves. The molecular configurations with specific ten-
sile strain were extracted and fully equilibrated at the canonical 
(NVT) ensemble under a low temperature (10 K).

In vitro biocompatibility
To investigate in vitro biocompatibility and cytotoxicity of the SBCB, 
the cellular morphology was applied to evaluate the MC- 3T3 cell 
line. To prepare the SBCB- conditioned medium, 200 mg of the SBCB 
was incubated in 10 ml of minimum essential medium (MEM) sup-
plemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin- 
streptomycin solution at 37°C for 24 hours. MC- 3T3 cells were plated 
on the SBCB (10- mm diameter) at a density of 5.0 × 104 cells and 
incubated to adhere at 37°C for 2 hours in a 5% CO2 atmosphere. The 
pristine MEM was supplemented, and the cells were cultured for 
72 hours inside an incubator. Cell viability was assessed by a confocal 
microscope image for MC- 3T3 cells stained by rhodamine and 
4′,6- diamidino- 2- phenylindole (DAPI). For SEM observation, the 
sample was immobilized in 4% paraformaldehyde for 40 min and 
dehydrated with graded ethanol. After drying, the sample was sput-
tered with gold and observed by SEM.

Supplementary Materials
This PDF file includes:
Figs. S1 to S17
legends for moves S1 to S4

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S4
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