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Hierarchical materials from fused silk
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Silk is an extraordinary natural material whose unique chemistry and 
hierarchical organization enable performance beyond that of many 
synthetic counterparts. However, its poor processability arising from 
the molecular folding patterns of fibroin makes fabricating shapes other 
than fibres conceptually challenging. Here we report a simple and rapid 
thermomechanical process to fuse silk fibres into solid materials of arbitrary 
shapes. This approach avoids silk dissolution and subsequent regeneration 
– processes typically associated with a substantial environmental footprint 
due to extensive solvent use. The resulting fused silk exhibits remarkable 
mechanical properties (flexural strength up to 510 MPa, tensile toughness 
up to 45 MJ m−3), optical transparency in the visible range, pronounced 
optical activity in the terahertz range with large polarization rotation 
and processing-dependent biocompatibility and biodegradability. The 
molecular organization of fused silk emerges from interdiffusion of the 
naturally present amorphous phase, generating strong intrafibre and 
interfibre molecular bonds without damaging the original hierarchical 
organization and the crystalline regions. This direct conversion of natural 
silk fibres into structural and optically active materials enhances the 
prospects for scalable production and real-world deployment.

Silk, primarily synthesized by arthropods such as silkworms and 
spiders1,2, is a marvel of nature. They exhibit outstanding mechanical 
properties2–4, biocompatibility5 and (bio)degradability6. The origin of 
the unique combination of the physical properties of silk is hypoth-
esized to be a result of its complex hierarchical organization, combin-
ing ordered and disordered nanoscale sections, which has undergone 
natural evolutionary refinement over hundreds of millions of years7–11.

In addition to traditional textiles, there has been a resurgence of 
interest in silk as a high-tech material over the past few decades that led 
to its implementation in biomedical engineering12, energy generation13, 
food preservation14, sensors15 and other areas. Natural silk fibroin pro-
duced by Bombyx mori has a complex network of non-covalent hydro-
gen bonds resulting in multiscale organization of protein segments16,17. 
This secondary hierarchical structure confers outstanding mechanical 

properties but also results in a high glass-transition temperature 
(Tg, 200–220 °C) and a melting point higher than the degradation 
temperature18,19, which makes silk fibroins difficult to process. There-
fore, most research activities related to silk rely on solution processing 
methods, involving the dissolution of silk fibres into a solvent (typi-
cally, an aqueous solution of lithium bromide, hexafluoroisopropanol 
(HFIP) or ionic liquids (ILs)), followed by further processing to form 
different regenerated silk materials20–22. These canonical methods 
have broadened the scope of silk applications but at the expense of 
a high economic and environmental footprint partially negating its 
advantage as an Earth-friendly material. The process of converting 
silk into advanced materials typically involves large amounts of water, 
chemicals and time (days to weeks)23. Most importantly, these methods 
disrupt the inherent multiscale organization of silk, compromising 
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Retention of the complex hierarchical 
organization
A multiscale characterization (Fig. 2) enabled us to understand the 
structure and underlying mechanism in the produced fused silk.

The fused silk processed at low temperatures (for example, 
65 °C) displays a similar endothermic peak as found with unprocessed 
degummed silk fibres, which is characteristic of water evaporation 
(Fig. 2a). For increased processing temperatures (215 °C and 245 °C), 
the endothermic peak corresponding to water evaporation progres-
sively decreases until almost disappearing; this is consistent with the 
reduction in the specific surface area available to water absorption, 
caused by the fusion of silk fibres (Fig. 1g–k).

At the nanoscale, the two-dimensional (2D) small-angle X-ray scat-
tering (SAXS) pattern of degummed silk (Fig. 2b) exhibits pronounced 
equatorial diffuse scattering due to the presence of oriented nanovoids 
between the nanofibrils28. However, the samples fabricated at 215 °C 
and 1.0 GPa do not display these characteristics. Recent studies on the 
hierarchical structure of silk have revealed that it consists of numer-
ous nanofibrils, ~3 nm in diameter, with rough surfaces that comprise 
alternating largely disordered amorphous phase and highly-ordered 
crystalline regions17,29. This suggests that during hot-pressing, the 
amorphous phase within the nanofibrils undergoes forced-flow tran-
sition, filling the original nanovoids and causing the interfaces of the 
nanofibrils to merge, resulting in the fusion of the silk fibroin.

The 2D wide-angle X-ray scattering (WAXS) patterns show almost 
no change in the crystal microstructure with different processing 
conditions (Fig. 2c and Supplementary Fig. 9). Importantly, the crystal-
linity of ordered regions remains essentially unchanged within the pro-
cessing temperature range of 125 °C to 215 °C (Fig. 2d). The crystallite 
orientation (Fig. 2e), along the fibre direction, only slightly decreases 
as a result of the relaxation of the amorphous phase at increased tem-
peratures. Similarly, at the scale of protein secondary structure, no 
notable change in either β-sheet or random coil/α-helix content was 
observed after hot-pressing within this temperature range (Fig. 2f and 
Supplementary Fig. 10). These results indicate that the thermome-
chanical method preserves the original structure and composition of 
silk when processed between 125 °C and 215 °C. At 245 °C, however, we 
observe an apparently contradictory combination of increased rela-
tive crystallinity and decreased β-sheet content. This arises because 
silk undergoes severe thermal degradation at this temperature. The 
amorphous phase, which has lower thermal stability, degrades before 
the crystalline phase, thereby increasing the apparent crystallinity30–33. 
At the same time, the high temperature also causes the protein second-
ary structures to degrade (the degradation products, such as aromatic 
compounds, increase the intensity in Fourier transform infrared (FTIR) 
spectra at around 1,650 cm−1), leading to an artificially high relative 
content of random coil/α-helix and hence a lower apparent β-sheet 
content31,34,35. The emergence of a new phase transition in the differ-
ential scanning calorimetry (DSC) trace (Fig. 2a) and the dark-brown 
colour of the samples fabricated at 245 °C further corroborate the 
severe chemical degradation of silk and the generation of carbon 
condensation products.

At relatively low temperatures (T < Tg = 213 °C), water enhances 
the molecular mobility of the amorphous phase. By contrast, at high 
temperatures (T ≈ Tg), the thermally activated mobility of amino acid 
sequences is predominant. Hence, water molecules serve as plasticizers 
in low-temperature self-diffusion, increasing mobility of the amor-
phous phase (Extended Data Fig. 2). In addition, maintaining pressure 
during the cooling process is also necessary for forming densified and 
transparent fused silk, which prevents the fused interface from separat-
ing as a result of contraction-induced cooling (Supplementary Fig. 11).

Overall, it can be concluded that diffusion of the amorphous seg-
ments within the nanofibrils is the key mechanism for the formation 
of fused silk, enabled by water plasticization and thermally activated 
molecular mobility within the amorphous phase (Fig. 2g). Processing 

its original physical properties24,25. Recent studies have revealed that 
regenerated silk powder can exhibit processability characteristics 
similar to thermoplastic polymers26, but only after suppressing the 
crystalline phase and shifting the structural organization towards 
largely disordered agglomerates.

Here challenged and inspired by these findings, we report a simple 
and time/cost-efficient thermomechanical method to convert silk 
fibroin fibres directly into solid materials with record-high mechanical 
properties, surpassing the specific strength/stiffness and toughness of 
previously presented silk-based bulk materials, but also tough natural 
materials such as wood and even glass fibre reinforced polymer (GFRP) 
composites27. Biodegradability and biocompatibility are tuneable by 
changing processing conditions. At elevated temperatures and under 
external pressure, the amorphous phase inherent in any silk fibre—from 
silkworm silk to spider silk—undergoes forced-flow diffusion, form-
ing dense solid materials without affecting the original hierarchical 
microstructure. Furthermore, the produced fused silk is optically 
transparent in the visible range while revealing exceptionally strong 
polarization rotation in the terahertz (THz) range of electromagnetic 
frequencies. This processing method paves the way for the simple 
fabrication of sustainable and high-performance silk materials of arbi-
trary shape factor, expanding the application scenarios and providing 
added value to silk and other proteinaceous natural fibres, including 
end-of-life recycled textiles, as well as broadly emerging applications 
in THz optics and biomedicine.

Fabrication and morphology
To fabricate the fused silk, commercial reeled B. mori silk (Fig. 1a) 
was first degummed to remove the sericin—the adhesive coating on 
silk fibroins (Supplementary Fig. 1). This step retains the mechanical 
properties of the fibroin fibres (Supplementary Figs. 2 and 3) and ena-
bles their unidirectional (UD) alignment (Fig. 1b). Such a UD preform 
(Fig. 1c and Supplementary Fig. 4) was then subjected to hot-pressing 
(Fig. 1d) under different combinations of processing temperatures 
and pressures (Fig. 1e). Three main zones can be identified in the 
phase diagram: non-fused zone, fused zone and chemical degraded 
zone (Extended Data Fig. 1). Low pressures and temperatures could 
not densify the silk fibres nor modify the initial optically opaque, 
porous and fibrillar structure (non-fused zone). Too high pressure and 
temperature led to dark, translucent and brittle materials (degraded 
zone). However, a broad processing window exists, where densified, 
tough and optically transparent bulk materials could be obtained 
(Fig. 1f). The phase diagram reveals that the processing temperature 
is the predominant factor. A minimum level of pressure is also essen-
tial, depending on the temperature used (for example, ~0.06 GPa at 
~215 °C). Scanning electron microscopy (SEM) images of the transverse 
and longitudinal cross-sectional areas show the fibre orientation, 
porosity and interfibre fusion of materials at representative process-
ing conditions in the phase diagram. At 95 °C and 0.5 GPa (at the lower 
boundary of the phase diagram; Fig. 1g), the material exhibits a mixed 
morphology, where some silk fibres are fused while interfibre gaps 
and porosities are still present. When the processing temperature was 
increased (Fig. 1h,i; 155 °C, 1.0 GPa; 185 °C, 0.2 GPa), silk fibres became 
more intimately fused into each other. At these conditions, the fibre 
texture and the interfibre boundaries can still be distinguished in 
the SEM images. At a higher processing temperature (Fig. 1j; 215 °C, 
1.0 GPa), close to the Tg of silk (Supplementary Fig. 5), the morphology 
of the material appears more homogenous and smoother. Approach-
ing the temperature of silk degradation (Fig. 1k; 245 °C, 0.5 GPa), the 
cross-section of the material exhibits a brittle fracture morphology, 
with longitudinal lamellar features aligned along the main fibre 
direction. Concerning the specific contribution of the processing 
pressures, it is evident that, at any processing temperature, higher 
pressure resulted in a slight increase in the density of the fused silk 
(Supplementary Fig. 6).
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temperatures lower than the thermal degradation temperature of silk 
(~250 °C) prevent the degradation of the amorphous phase and β-sheet 
(and other protein secondary structures), preserving the original 
hierarchical silk structure.

Remarkable mechanical properties
Figure 3a shows the flexural stress–strain curves for fused silk fab-
ricated at different processing temperatures and 0.2 GPa pressure. 
A record-high flexural strength of 510 ± 50 MPa, flexural modulus of 
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Fig. 1 | Fabrication and morphology. a, Commercial reeled B. mori silk bundle 
(right) next to B. mori silkworm cocoons (left). b, Lifting a silk bundle out of a 
water bath enhances uniaxial orientation and densification. c, Photograph of dry 
uniaxially aligned degummed silk before hot-pressing. d, Typical temperature 
and pressure profile of the thermomechanical method. e, Phase diagram of 
processing conditions at different temperatures and pressures. Non-fused 
samples are shown as squares, fused samples as circles, degraded samples 

as triangles and transition states as diamonds. Shaded regions indicate the 
transition boundaries between the three main zones. f, Photographs of fused 
silk fabricated at representative processing conditions in e. g–k, SEM images of 
transverse (top) and longitudinal (bottom) cross-sections of fused silk fabricated 
at 95 °C, 0.5 GPa (g); 155 °C, 1.0 GPa (h); 185 °C, 0.2 GPa (i); 215 °C, 1.0 GPa (j); and 
245 °C, 0.5 GPa (k), corresponding to the representative processing conditions 
shown in e.
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21.5 ± 0.3 GPa and, importantly, tensile toughness of 45 ± 3 MJ m−3 
are demonstrated, surpassing those of bone and polycarbonate and 
approaching those of Kevlar fibres (Supplementary Fig. 12). In the flex-
ural tests, low processing temperatures (95–155 °C) resulted in weak 
interfibre bonding, leading to poor load transfer, reduced flexural mod-
ulus and strength, and shear failure in the interfibre regions. Processing 

at 185 °C and 215 °C enhanced the self-diffusion of silk fibres, improving 
load transfer and resulting in more typical flexural failure, substantially 
increasing flexural modulus and strength. As expected, excessively 
high temperatures (245 °C) caused severe thermal degradation and 
diminished flexural properties. Both the tensile curves (Fig. 3b) and 
finite element simulations (Fig. 3e and Supplementary Fig. 14) further 
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the crystal plane (120), from 2D WAXS results. f, Content of protein secondary 
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demonstrated the impact of fibroin interlinking on tensile behaviour. 
The simulation results indicated that, without altering the axial proper-
ties of the fibres, higher interfibre adhesion strength increased tensile 
strength in the UD model but shifted the fracture mode from ductile to 
brittle36. Good agreement was observed between computational simu-
lations and tensile curves at low processing temperatures (95–155 °C). 
At 185 °C and 215 °C, the tensile strength of the materials decreased, 
showing a brittle failure mode. Taking into account also the flexural test 
results, we attribute this behaviour to the reduced axial properties of 
silk fibres, caused by a slight thermal degradation33,37, decreased ori-
entation of β-crystallite and an increased sensitivity to internal voids 
or microcracks at higher degrees of fusion.

The mechanical properties of fused silk fabricated using this 
method are not only remarkably superior to those reported previously 

for any silk-based material (mostly obtained via solution) (Fig. 3c) but 
also exceed those of many currently widely used structural materials 
such as woods and GFRP (Fig. 3d). Single-edge notched bending (SENB) 
tests of fused silk show a surprising combination of high strength 
(380 ± 30 MPa) and fracture toughness (20 ± 2 MPa m1/2), two typically 
mutually exclusive properties (Supplementary Fig. 15). In addition 
to the exceptional quasistatic mechanical properties, a ballistic test 
was used to evaluate the high-speed impact mechanical properties. 
UD and [0/90] fused silk demonstrated excellent impact resistance, 
with a specific energy absorption reaching 4.5 ± 0.7 J m2 kg−1, higher 
than CFRP (Fig. 3f and Supplementary Fig. 16). A further embodi-
ment derived from the thermal and thermodynamic analyses, which 
indicated a consistent glass-transition temperature of fused silk at 
~219 °C (Fig. 2a and Supplementary Fig. 17). As a result, fused silk can 
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be thermoformed or repaired by heating around the glass-transition 
temperature, an increasingly vital feature for sustainable materials 
(Supplementary Fig. 18). Further exploratory experiments demon-
strate the universal applicability of our simple thermomechanical 
approach for forming fused silk with exceptional performance from 
different silk fibre sources, including spider (Trichonephila inaurata 
dragline) silk and end-of-life silk textiles (Extended Data Fig. 3).

Fused silk possesses desirable characteristics such as easy and 
scalable manufacturability, sustainability and biodegradability and 
mechanical properties on par with high-performance structural materi-
als (Fig. 3g), which makes them ideal structural materials for various 
application fields.

Giant THz optical response
The unique optical properties of the fused silk are not limited to 
the visible range. This material exhibits exceptionally intense THz 
polarization activity that exceeds that of cast-and-dry film (that 

is, regenerated silk film), dense dispersions and original fibres 
(Fig. 4), where the THz optical properties were obtained with THz 
time-domain polarimetry (THz-TDP) (Fig. 4d). Fused silk exhibits a 
broad increase in THz absorbance at higher frequency, which is typical 
for dielectric materials (Fig. 4a). No distinct peaks appear in the THz 
absorbance spectra, indicating that the fused silk lacks intrinsic reso-
nances in the THz regime. Owing to the intrinsic fibrous alignment of  
silk fibres, fused silk demonstrates linear birefringence arising  
from their anisotropic structural organization. This directional  
optical anisotropy induces polarization-dependent phase retarda-
tion, leading to strong modulation of the transmitted polarization  
state (Supplementary Fig. 20). Notably, the birefringent response 
leads to high polarization ellipticity when linearly polarized THz waves 
propagate through the material (Fig. 4b and Supplementary Fig. 21). 
All samples exhibit similar normalized ellipticity spectra across the 
THz frequency range, enabling precise polarization control through 
modulation of material thickness. The strong THz polarization 
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specimens in the THz regime. d, THz-TDP setup. P1, P2 and P3 indicate the first, 
second and third polarizers. e–g, THz cross-polarization state images for the 
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random degummed silk (f) and regenerated silk cast film (g).
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rotation is further supported by their g-factor values (Fig. 4c), reach-
ing nearly −1 at low frequencies and maintaining values between 
−0.2 and −0.35 at higher frequencies, which represents the current 
record for THz chiral optics and is approaching to the theoretical limit  
of g = 2.0.

Confirmation of the uniquely high polarization rotation of fused 
silk prepared in a form factor convenient for optical devices can be 
obtained by THz cross-polarization imaging at 1.112 THz (Fig. 4f,g and 

Supplementary Figs. 22 and 23). To achieve maximum transmission 
under the cross-polarization condition, where the orientation of the 
second polariser was at 0°, silk-based samples were oriented at 45° 
with respect to the incident THz polarization (Fig. 4d). Fused silk 
(Fig. 4e) and degummed silk fibres (Fig. 4f) are distinctly visible under 
cross-polarization. In contrast, regenerated silk cast film (Fig. 4g), 
which lacks both structural alignment and sufficient crystallinity, 
exhibits negligible contrast under the same condition.
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Fig. 5 | Biocompatibility and biodegradability. a, Schematic illustrating the 
subcutaneous implantation of fused silk. b, Schematic illustrating host response 
to fused silk, including possible cellular infiltration, tissue integration and 
material degradation over time. ROS, reactive oxygen species. c, Representative 
histology images of the H&E staining of fused silk prepared at three different 
conditions (125 °C, 0.2 GPa; 155 °C, 1.0 GPa; and 215 °C, 0.2 GPa) after 28 days 
of implantation. Green-dashed lines indicate the implant–tissue interface; 
green arrows indicate blood vessels; black arrows indicate foreign body giant 
cells. d, Representative images of the MT staining of the fused silk after 28 days 
of subcutaneous implantation prepared at three different conditions (125 °C, 
0.2 GPa; 155 °C, 1.0 GPa; and 215 °C, 0.2 GPa). e, The depth of host cell infiltration 

into the implant after 7 days and 28 days of subcutaneous implantation based on 
H&E staining (n = 3 biological independent replicates, P < 0.0001 (125 °C, 0.2 GPa, 
day 7 versus day 28), P = 0.0259 (155 °C, 1.0 GPa, day 7 versus day 28), P = 0.9997 
(215 °C, 0.2 GPa, day 7 versus day 28)). f, Fibrous capsule thickness at the 
implant–tissue interface was measured after 7 days and 28 days of subcutaneous 
implantation based on MT staining (n = 3 biological independent replicates, 
P < 0.0001 (125 °C, 0.2 GPa, day 7 versus day 28), P < 0.0001 (155 °C, 1.0 GPa, day 7 
versus day 28), P = 0.0764 (215 °C, 0.2 GPa, day 7 versus day 28)). All data are 
represented as means ± s.d. Statistical significance was determined using two-
way ANOVA with Sidak’s multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001; NS, not significant.

http://www.nature.com/natsustain


Nature Sustainability

Article https://doi.org/10.1038/s41893-026-01821-y

Biocompatibility and biodegradability
In vivo biocompatibility and biodegradability of the fused silk was 
assessed through subcutaneous implantation in C57BL/6 mice for 
4 weeks (Fig. 5a). Silk materials typically elicit a mild inflammatory reac-
tion that subsides within a few weeks38,39. Depending on the implant 
properties and implant site, the host response to silk may involve recruit-
ment and activation of macrophages, as well as the initiation of a mild 
foreign body reaction characterized by the formation of multinucleated 
giant cells (MNGCs)40,41. Figure 5b provides a schematic illustration of 
the host response to the fused silk material. After 7 days of implanta-
tion, minimal host cell infiltration and tissue ingrowth was observed 
across all implant types (Fig. 5e and Extended Data Fig. 4). By 28 days 
post-implantation, a significant increase in host cell infiltration was 
noted in the 125 °C, 0.2 GPa and 155 °C, 1.0 GPa implants (Fig. 5c,e). By 
contrast, the 215 °C, 0.2 GPa implant showed negligible host cell infiltra-
tion and tissue ingrowth at day 28 (Fig. 5c,d and Supplementary Fig. 25), 
probably due to stronger interfibre fusion, reducing accessibility to host 
cells. Masson’s trichrome (MT) staining revealed a significant decrease 
in the thickness of the collagenous fibrous capsule surrounding the 
125 °C, 0.2 GPa and 155 °C, 1.0 GPa implants from day 7 to day 28 (Fig. 5f), 
indicating a diminishing inflammatory response. Conversely, the fibrous 
capsule thickness around the 215 °C, 0.2 GPa implant remained relatively 
stable from day 7 to day 28, potentially indicating a more inert interface, 
favourable for long-term stability.

Owing to its high β-sheet content and dense structure, fused silk 
is expected to degrade slowly in vivo. Immune cells, particularly mac-
rophages and MNGCs, play a primary role in silk degradation in vivo42. 
MNGCs were detected at the implant–tissue interface as early as day 7 
across all implant types (Extended Data Fig. 4). By day 28, MNGCs were 
observed both at the implant–tissue interface and within the 125 °C, 
0.2 GPa and 155 °C, 1.0 GPa implants, while MNGCs were only found at the 
implant–tissue interface in 215 °C, 0.2 GPa implant (Fig. 5d). The higher 
number and deeper infiltration of MNGCs in the 125 °C, 0.2 GPa implants 
suggest more extensive degradation at day 28. Additionally, silk fibres 
near the implant–tissue interface exhibited increased blue staining 
(Fig. 5d), indicating in vivo silk degradation43. These degradation pat-
terns align with enzyme-mediated in vitro results (Extended Data Fig. 5). 
Moreover, MNGC presence within the 125 °C and 155 °C implants corre-
lated with enhanced vascularization (Fig. 5c), consistent with previous 
findings that MNGCs release pro-angiogenic signals such as VEGF44. In 
summary, fused silk demonstrated biocompatibility, with a degradation 
and host response which can be tuned through processing conditions, 
supporting their potential for use in biomedical applications requiring 
controlled degradation and tissue integration.

Discussion
The simple thermomechanical strategy proposed here enables the 
fabrication of fused silk solely by applying heat and pressure and it 
demonstrates broad generality across different silk sources, ranging 
from B. mori silk to T. inaurata spider dragline silk. Compared with 
traditional solution-derived methods, this purely physical process 
enables higher yield, lower energy consumption and shorter process-
ing time, while avoiding chemical usage and associated liquid waste, 
without compromising the intrinsic structural advantages of silk. This 
shift towards a solvent-free, thermomechanical route may open new 
possibilities for the scalable manufacturing of silk-based materials. 
Importantly, fused silk retains biodegradability and biocompatibility 
while exhibiting remarkable mechanical properties and record-high 
chiroptical activity in the THz range that silk fibres, regenerated silk or 
other materials cannot achieve. These characteristics point towards 
broader potential for fused silk as a promising platform for sustainable, 
high-performance and multifunctional materials, with future prospects 
spanning lightweight engineering structures, optically active THz 
components and biodegradable high-performance medical implants, 
as well as the upcycling of waste silk into value-added products.

Methods
Materials
Commercial reeled B. mori silk was bought from George Weil & Sons, 
UK. Antheraea pernyi and Samia ricini silk tops were bought from Wild 
Fibres, UK. T. inaurata spider dragline silk was collected at Medical 
University of Vienna. Na2CO3 (Acros Organics, 123670010) and deion-
ized water were used for degumming the silk. Natural wood, acry-
lonitrile butadiene styrene (ABS) (Filamentive, 1006555), aluminium 
film and carbon fibre/epoxy resin composites (CFRP) were used for 
ballistic tests.

Fabrication of fused silk
Commercial B. mori reeled silk was immersed in a 95 °C aqueous 
0.02 M Na2CO3 solution for 30 min twice to remove the sericin and 
then washed in deionized water several times to remove the residual 
Na2CO3 and sericin. The degummed silk was then aligned along the fibre 
direction after immersion in water and fixed at both ends in a square 
stainless-steel frame to prevent shrinkage and distortion. Afterwards, 
the degummed silk was dried in an oven at 45 °C overnight and stored 
in ambient conditions. Before hot-pressing, the dry degummed silk was 
removed from the frame and cut to the required sizes with a knife. To 
prevent samples from sticking on the aluminium moulds, PTFE mould 
release was sprayed on the surface of the mould (optional, only at 245 °C 
processing temperature, samples stuck to the mould). For the UD sam-
ples, the aligned silk fibres were put into moulds, hot-pressing with a 
COLLIN P300E Press for 5 min at different processing pressures and 
temperatures and then cooled to room temperature under pressure. For 
[0/90] samples, two layers of aligned silk fibres were stacked together 
in the 0° and 90° directions and then hot-pressed in the same way.

Mechanical tests
The three-point bending, tensile and SENB tests were performed on 
a universal mechanical testing machine, Instron 5900R84, equipped 
with a 1-kN load cell. All tests were conducted at room temperature and 
~45% relative humidity and the specimens at dry state were subjected to 
a constant loading rate of 2 mm min−1. The dimensions of three-point 
bending specimens were about 16 mm in length, 5 mm in width and 
0.6 mm in thickness. The support lengths were determined on the basis 
of the thickness of the specimens, with a span-to-depth ratio of 16 as 
specified by the ASTM D790. The tensile specimens had dimensions of 
about 35 mm in length, 3 mm in width and 0.6 mm in thickness, with a 
gauge length of 20 mm. The SENB specimens were the same size as the 
three-point bending specimens and were notched to approximately 
half their thickness using a sharp blade (refer to ASTM E1820).

Finite element analysis
Fused silk materials were modelled by a commercial finite ele-
ment package ABAQUS 2022 as a bundle of silk fibres with a size of 
1,500 × 4,000 μm2. In this model, 150 individual silk fibres with 200 ele-
ments in a single silk fibre were built (Supplementary Fig. 14). A bilinear 
elastic-plastic model was used in silk materials by a user-defined field 
(USDFLD) subroutine and the strength of each silk fibre element was 
assigned to follow the power law-accelerated Weibull distribution:

P(σu) = 1 − exp [( le
L0

)
α

( σuσ0
)
ρ
] (1)

where le is the element size, L0 is the reference gauge length, σu is 
the element strength and α, ρ and σ0 are parameters of the power 
law-accelerated Weibull distribution. All parameters were obtained 
from single silk fibre tensile tests. A zero-thickness cohesive zone with 
a bilinear traction-separation law was inserted between the silk fibres 
to simulate the bonding behaviour. The tensile behaviour of fused 
silk with different bounding strengths was simulated by applying a 
constant strain of 0.2.
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Ballistic test
The ballistic tests on different materials were performed using a Sydor 
technologies high-velocity impact testing system. A single-stage gas 
gun was driven by compressed air to accelerate steel balls with a diam-
eter of 7 mm (1.4 g in mass) as projectiles to impact the specimens. An 
aluminium fixture with a 30-mm side-length square hole held speci-
mens vertically against the support frame. The impact process was 
recorded by a high-speed camera, Photron FASTCAM Nova S9, which 
was set on the side of the test machine. Two light gates were installed on 
the trajectory to measure the initial velocity and the residual velocity 
was obtained using the software PFV4 from Photron company. The spe-
cific energy absorption es was calculated using the following equation:

es =
1
2
mp(v2i − v2r )

A (2)

where mp is the mass of the projectile, vi and vr are the initial and residual 
velocities of the projectile and A is the area density of the specimen.

Thermal analysis
The thermal degradation of the degummed silk was measured by a TA 
Instruments TGA 5500 with a heating rate of 10 °C min−1 in nitrogen or 
air atmosphere from room temperature to 600 °C. DSC measurements 
were carried out on a TA Instruments DSC 25 with a heating rate of 
10 °C min−1 in nitrogen gas flow of 25 ml min−1 from −50 °C to 300 °C. 
Dynamic mechanical analysis measurements were performed on a TA 
Instruments RSA-G2 using a single cantilever mode. The specimens 
were about 15 mm in length, 5 mm in width and 0.6 mm in thickness. 
The tests were carried out from room temperature to 250 °C with a 
temperature ramp rate of 3 °C min−1, a frequency of 1 Hz and a dynamic 
strain of 0.2%.

FTIR spectroscopy
The FTIR measurements were carried out using a Bruker Tensor 27 spec-
trometer fitted with a platinum attenuated total reflectance diamond 
accessory. The spectrum was recorded with 32 scans and a resolution 
of 4 cm−1 in the wavenumber range of 4,000–400 cm−1. The thickness 
of fused silk samples was ~0.6 mm. Gaussian fitting was used to decon-
volute all the protein secondary structure peaks of the amide I region 
(1,720–1,580 cm−1) using the PeakFit 4.12 software. Four primary peaks 
were assigned to the protein secondary structures: β-sheet (1,618 cm−1 
and 1,698 cm−1), random coil/α-helix (1,645–1,655 cm−1) and β-turn 
(1,685 cm−1). All the coefficients of determinations (R2) for the decon-
volution were greater than or equal to 0.99.

X-ray diffraction/scattering
One-dimensional wide-angle X-ray diffraction (WAXD) measure-
ments of degummed silk and fused silk were performed using a CuKα 
(λ = 0.1541 nm) source PANalytical X’Pert Pro diffractometer in reflec-
tion mode. PeakFit 4.12 software was used to calculate relative crystal-
linity. The 2D WAXS patterns for calculating crystal orientation were 
collected using a CuKα source Rigaku RAPID II instrument equipped 
with a curved 2D detector in transmission mode. An exposure time of 
60 min was used for all silk samples at ambient conditions. The 2D SAXS 
patterns were collected using a CuKα source PANalytical Empyrean 
diffractometer with a ScatterX78 attachment and a PIXcel3D detec-
tor under low vacuum conditions for 5,000 s (1,000 s for quick tests) 
exposure. One sample (n = 1) was measured for each condition in 2D 
WAXS and 2D SAXS measurements.

Scanning electron microscopy
Hitachi S-3700N and FEI Inspect F scanning electron microscopes were 
used to characterize the morphologies of the silk materials with a volt-
age of 5 kV. The surfaces of the specimens were sputter coated with a 
thin layer of gold by an AGAR auto sputter coater.

THz-TDP setup
To measure the THz polarization activity of fused silk materials, 
THz-TDP was used. A conventional THz-TDS (TeraSmart, Menlo Sys-
tems) was used for generation and detection of the THz pulse, which 
consists of photoconductive antennas (Tera15-FC, Menlo Systems) 
as emitter and detector, a pulsed laser at 1,560 nm and four identical 
convex lenses (TPX50, Menlo Systems) for collimating and focusing 
the THz beam. A motorized XY stage accomplished sample scanning 
and imaging in the THz focal plane. Unlike conventional THz-TDS, 
three home-made linear polarizers were added for determination of 
the THz rotation angle (θ) and ellipticity angle (η) of the measured 
sample. For such polarization measurement, the antenna direction 
of the emitter was fixed to the horizontal orientation (x axis) to the 
optical table where the detector was aligned to the vertical orientation 
(y axis), being in a cross-polarization state. The first (P1) and third (P3) 
polarizers were placed right in front of the emitter and detector with 
the same alignment direction, respectively. The second (P2) polarizer 
was placed between P1 and P3 and was rotated to three different orien-
tations (+45°, 0° and −45° where the angle is measured with respect to 
the y axis) during the measurements.

When P2 axis is at 0°, the measured THz pulse is the transmitted 
pulse under cross-polarization state, where we define the time-domain 
THz pulse as Ey(t). The x-component is extracted by rotating the P2 axis 
to +45° (E+45∘ (t))  and −45° (E−45∘ (t)) and subtracting the measured 
THz pulses.

Ex (t) = E+45∘ (t) − E−45∘ (t) (3)

For frequency-domain analysis, fast Fourier transform (FFT) was 
conducted to the measured time-domain electric fields as follows:

̃Ex = ̃Ex(ω) = FFT{Ex(t)} (4)

̃Ey = ̃Ey(ω) = FFT{Ey(t)} (5)

The transmitted spectra of the sample (fused silk materials) and 
the reference (air) then can be calculated as:

Ts = √||Ẽx||
2 + ||Ẽy||

2 (6)

Tref = √| ̃Ex,ref|
2 + | ̃Ey,ref|

2 (7)

On the basis of the transmittance spectra, the THz absorbance 
(TA) can be calculated by:

TA = −ln ( Ts
Tref

) (8)

To obtain the THz polarization activity spectra, Stokes 
equations were exploited, where they are defined as:

S0 = ẼxẼ∗x + ẼyẼ∗y (9)

S1 = ẼxẼ∗x − ẼyẼ∗y (10)

S2 = ẼxẼ∗y + ẼyẼ∗x (11)

S3 = i (ẼxẼ∗y − ẼyẼ∗x) (12)

We can then calculate the rotation angle (θ) and ellipticity angle (η) as:

θ = 1
2 tan

−1 ( S2S1
) (13)

η = 1
2 sin

−1 ( S3S0
) (14)
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For the imaging under cross-polarization, the axis of P2 was 
aligned at 0° and the sample was imaged with the motorized XY stage. 
The imaged results show the transmitted intensity of the THz at a 
certain frequency.

Subcutaneous implantation and histology
The animal study was reviewed and approved by the Institutional Animal 
Care and Use Committee of Tufts University (animal protocol M2022-
121). Mice (five mice per cage) were housed in a specific pathogen-free 
environment at a temperature of 18–22 °C and a humidity of 50–60%, 
with a dark/light cycle of 12 h. All mice were promptly euthanized using 
CO2 gas after finishing animal experiment. Samples were sterilized 
by ethylene oxide before implantation. Eight-week-old C57BL/6 mice 
(Charles River Laboratories International) were anaesthetized with 
3–5% isoflurane in oxygen for induction and 1–3% for maintenance. 
Buprenorphine-SR (1.0 mg kg−1) was administrated subcutaneously as 
an analgesic before surgery. The dorsal hair was shaved and a 1-cm lon-
gitudinal incision was made on the skin on each side of the spine using 
surgical scissors to access the subcutaneous space. Then subcutaneous 
pockets were created with blunt forceps for the implantation of the silk 
samples (n = 3). After implantation, the incisions were closed using 
wound clips. Each animal received two implants from two different study 
groups. The animals were euthanized by CO2 asphyxiation and cervical 
dislocation and silk samples together with the surrounding tissue were 
excised and collected at 7 days and 28 days post-implantation. The 
explanted samples were fixed in 4% paraformaldehyde and embedded 
in paraffin for histological analysis. Sections with a thickness of 5 µm 
were obtained by sectioning the explant along either the transverse or 
longitudinal axes of the silk fibres. The sections were deparaffinized 
in xylene, rehydrated through an ethanol gradient and subsequently 
stained with haematoxylin and eosin (H&E) for cellularity and Masson's 
trichrome (MT) for collagen according to standard histological proto-
cols. Histology images were acquired using Thermofisher Scientific 
EVOS M7000 Imaging System (7 days) and Grundium Inc Ocus 40 Digital 
Microscope Slide Scanner (28 days). Host cell infiltration depth and the 
fibrous capsule thickness were quantified using ImageJ 1.54 g software.

Statistical analysis
GraphPad Prism 9 was used for all statistical analysis and all data are 
shown as mean ± s.d. Statistical significance was determined using 
two-way analysis of variance (ANOVA) with Sidak’s multiple compari-
sons. Values with P < 0.05 were considered statistically significant 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are available in the 
paper and Supplementary Information. Source data are provided 
with this paper.

Code availability
The ABAQUS USDFLD subroutine used to implement the stochastic 
strength field in the finite element analysis of fused silk is available 
via Zenodo at https://doi.org/10.5281/zenodo.18775588 (ref. 45). The 
custom code used for the silk THz experiments is available via Zenodo 
at https://doi.org/10.5281/zenodo.18688272 (ref. 46).
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Extended Data Fig. 1 | UV-vis spectra of fused silk materials fabricated at 
different temperatures (1.0 GPa). The non-fused sample (65 °C) exhibits 
the lowest transmittance (~30%) across the visible range. In contrast, samples 
processed at 125, 155, 185 and 215 °C show consistently high transmittance, 
beginning at ~83% at 700 nm. The degraded specimen (245 °C) displays two 

characteristic optical signatures: moderate transmittance (~50%) at 700 nm, 
and near-complete absorption (<1% transmittance) below 500 nm, indicative 
of protein degradation. These quantitative spectra, together with sample 
photographs, enable clear differentiation between non-fused, fused and 
degraded states.
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Extended Data Fig. 2 | Experimental design for studying the role of water 
molecules in the formation of fused silk. a, At a low processing temperature 
(155 °C), water molecules act as an essential plasticiser: degummed silk fibres 
or fibres rehydrated after pre-drying can fuse to form transparent materials, 
whereas thoroughly dried fibres fail to fuse. b, At a higher processing 

temperature (215 °C), close to the glass-transition region of silk, fibre fusion 
occurs even when water molecules have mainly been removed. These results 
indicate that water plasticisation enables molecular mobility at lower 
temperatures, whereas at higher temperatures the thermally activated diffusion 
of the amorphous phase alone is sufficient to drive silk fusion.
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Extended Data Fig. 3 | Fused silk fabricated by various silk species with 
excellent mechanical properties. a, Photographs of raw silk fibres: A. pernyi 
silk, S. ricini silk, B. mori silk fabric and T. inaurata spider dragline silk. b,c, DSC 
curves (b) and FTIR spectra (c) of various silk species. d, Photographs of fused silk 

fabricated by different silks. e, Three-point bending test curves for specimens 
from different silk species. f, Comparison of flexure modulus and strength of 
various species of fused silk. Data are presented as mean ± s.d. (n = 3 independent 
specimens for B. mori silk fabric and n = 4 independent specimens for all others).
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Extended Data Fig. 4 | The representative histological images of H&E and 
Masson’s Trichrome staining of the samples after 7 days of subcutaneous 
implantation. The fibrous capsule is determined from the blue collagen layer 

in Masson’s trichrome staining and depicted by the region between the black 
and green dotted lines. Green-dashed lines in images indicate the implant-tissue 
interface, and black arrows indicate foreign body giant cells.
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Extended Data Fig. 5 | In vitro degradation test. a-c, In vitro degradation 
profiles of fused silk in PBS solution (a), α-Chymotrypsin (40 U mL−1) PBS solution 
(b) and protease XIV (5 U mL−1) PBS solution (c). Data are presented as mean ± s.d. 

(n = 3 independent samples). d, Photographs of fused silk incubated in PBS 
solution, α-Chymotrypsin (40 U mL−1) PBS solution and protease XIV (5 U mL−1) 
PBS solution for different times.
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