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Supplementary Note 1: Structural characterization by high-resolution X-ray scattering 

 

Wide angle X-ray scattering (WAXS) is a well-established method for determining the 

microfibril angle (MFA), which describes the angle between the cellulose microfibrils and the 

longitudinal axis of the bamboo macrofiber
1
. WAXS can also be used to determine the 

crystallinity of the bamboo macrofiber and the average size of its cellulose crystallites,
 
in which

 

the (200) reflections correspond to the inter-sheet spacing of the cellulose Iβ crystals. 

 

Using the symmetrical transmission mode of the diffraction pattern, the angular range was 

reduced from 360
o
 to 180

o
 by summing the halves consisting of the angular ranges 1–180

o
 and 

181–360
o
. The resulting azimuthal intensity distribution profiles of the cellulose crystal 

reflections at (200) along the arc of the 2D WAXS pattern of the bamboo macrofiber was used to 

calculate the microfibril orientation index (fc) according to the equations
1
: 

c

FWHM180
=

180
f






 (1) 

in which FWHM is the full width of the half-maximum of the azimuthal profiles from the 

selected equatorial reflection. 

 

The calculation of MFA is done by curve fitting using the Nedler Mead least square routine 

according to Alain Bourmaud’s method
2
. The theoretical function considered includes two 

Gaussian curves and a baseline (a constant value): 
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 (2) 

The MFA is then deduced from the parameters of the fitted function according to Cave's 

equation
3
: 

0.6MFA T   (3) 

1 2T      (4) 

The crystallinity index (CI) of macrofibers is calculated as the ratio of the integrated intensity of 

the crystalline peaks to the sum of the crystalline and amorphous intensities
4
: 

=
crystalline

crystalline amorphous

I
CI

I I
 (5) 

in which Icrystalline is the total area of the crystalline cellulose, and Iamorphous is the area of the 

amorphous cellulose. In this work, the amorphous and crystalline areas were extracted by the 

Gaussian curve-fitting process from the diffraction intensity profiles of cellulose crystal 

reflections in the WAXS patterns of the macrofibers.  
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In our work, the strong (200) cellulose reflection is well suited to the Scherrer equation as the 

(200) reflection has a single and clear direction that corresponds to the lateral dimension of the 

microfibril. The FWHM of the (200) reflection was used to calculate the average size of the 

cellulose crystallites. The average size of the crystallites was estimated from the widths of the 

reflections using the Scherrer formula
5
: 

=
cos( )hkl

K
B



 
 (6) 

in which Bhkl is the crystallite size in the direction perpendicular to the lattice planes, K is a 

numerical factor frequently referred to as the crystallite-shape factor, λ is the wavelength of the 

X-rays, φ is the Bragg angle, and ξ is the full width half maximum in radians. The effect of 

instrumental broadening on the width of the reflections was included by assuming that the shapes 

of both the reflection and the instrumental function were approximately Gaussian, and the value 

of ξ was calculated using the formula: 

2 2= (b - b )s i  (7) 

in which bs is the FWHM of the reflection (200), and bi is the instrumental broadening. 

 

The average d-spacing of the crystalline planes were measured by XRD and calculated using 

Bragg's formula
6
: 

=
2sin

n
d





 

(8) 

in which φ is the angle between the planes and the incoming X-rays, n is an integer, and λ is the 

incident wavelength. 

 

 

Supplementary Note 2: Weibull distribution 

 

In our work, taking the volume (V), diameter (D) and length (L) of the macrofibers into 

consideration (V= LπD
2
/4), the failure probability of the bamboo cellulose macrofibers and 

applied strength σ is given by the improved Weibull statistical modeling as following 

0 0

1

m
V

F exp
V







     
      

     

 (9) 

where F is the failure probability of the fiber with V at a stress less than or equal to σ. L0 and D0 

are reference length and diameter, respectively. β is a measure sensitivity to the fiber volume, σ0 

is the characteristic stress, and m is the Weibull modulus describing the variability of the 

dispersion in fiber strengths. Since all the bamboo microfibers measured in this work have the 

same length, Eq. (9) can be simplified as,   
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Supplementary Note 3: Life cycle carbon analysis for bamboo cellulose macrofibers 

 

The life cycle inventory (LCI) of preparing bamboo cellulose macrofibers are documented in 

Table 5. The system boundary is cradle-to-gate, including the extraction of raw materials, 

transportation, and production. The LCI data of the upstream production of chemicals, electricity, 

and deionized water were modeled based on the data collected from the Ecoinvent 3.5 database
7
. 

Specifically, peroxyformic acid solution used in Step 2 was prepared using formic acid, 

hydrogen peroxide, sulfuric acid, and deionized water (Table 5). The LCI of formic acid 

upstream production were modeled based on the butane oxidation process in the United States
8
. 

The LCI of hydrogen peroxide production were modeled based on the anthraquinone process, the 

primary industrial process for hydrogen peroxide production
9
. The LCI of sulfuric acid 

production were modeled based on the contact process, the dominate process to produce sulfuric 

acid in the United States
10

. The LCI of sodium hydroxide (used in Step 3 in Table 5) upstream 

production was modeled based on the chlor-alkali electrolysis using diaphragm cell, the 

dominant process in the North America
11

. The LCI of U.S. electricity mixes were used for the 

electricity used in bamboo cellulose macrofibers preparation and all upstream production of 

chemicals. The greenhouse gas (GHG) emission generated from the cultivation and harvest of 

bamboo is set to be 0.0156 kg CO2/kg of bamboo
12

. Chemicals were assumed to be transported 

from chemical suppliers by trucks at a distance of 352 km based on the average distances of 

truck transportation for basic chemicals in the United States in 2017
13

. The bamboo was assumed 

to be transported by trucks at a distance of 222 km based on the average distances of truck 

transportation for logs and other wood in rough in the United States in 2017
13

. The truck was 

assumed to be diesel-powered combination truck, and the LCI data of transportation and 

upstream production of fuels was collected from the USLCI (U.S. Life Cycle Inventory) 

database
14. The carbon footprint is reported in CO2e using 100-year global warming potential 

conversion factors reported by the Intergovernmental Panel on Climate Change for none-CO2 

greenhouse gases
15

. The carbon sequestration of bamboo was estimated based on the carbon 

content of bamboo (0.5 kgC/kg bamboo)
12,16

 and the molecular weight of carbon (12 g/mol) and 

carbon dioxide (44 g/mol).  

 

Through this cradle-to-gate carbon analysis, the carbon footprint of the bamboo cellulose 

macrofibers on a 1 kg basis was calculated. However, to compare this result with other materials, 

additional normalization that considers material properties is needed. For a high-strength 

material, less mass will be needed to meet a particular strength requirement for composites or 

other applications. If σb is the tensile strength of the bamboo cellulose macrofiber, σs is the 

tensile strength of the substitute material, and Ab and As are the cross-sectional areas for the 
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bamboo cellulose macrofibers and substitute material used in the same application (e.g., a 

composite), then 

b

b

F

A
   (11) 

s

s

F

A
   (12) 

The force F in the two equations should be equal for materials that can provide the same strength. 

Therefore, we can obtain: 

b

s b

sA

A




  (13) 

For two materials used in the same application, the length/height ( ) should be the same, thus the 

ratio of σb to σs can be expressed as: 

b s

s b

s b s

b s b

A l V M

A l V M

 

 
     (14) 

in which ρb and ρs are the density of the bamboo cellulose macrofiber and substitute material, 

respectively. The mass ratio of the two materials (to satisfy the same strength requirement) can 

be derived as: 

s b s

sb b

M

M

 

 
   (15) 

Thus the carbon footprint results can be normalized based on the mass ratio and carbon intensity 

(kg CO2e/kg of material) of the bamboo cellulose macrofibers and substitute materials. The mass 

reduction percentage enabled by replacing one substitute material with bamboo cellulose 

macrofibers can be calculated as 1 minus the mass ratio (the mass ratio results are shown in Fig. 

5a). 

b b s b

s s b

b

s s

GHGI M GHGI

GHGI M GHGI

 

 
    (16) 
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In this study, several commonly used fiber materials were chosen as the substitute materials. 

Their carbon intensity and strength data were collected from literature and shown in 

Supplementary Table 6. 
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Supplementary Fig. 1 | a, SEM image of unidirectional macrofibers homogeneously embedded 

in the parenchyma cells of the bamboo stem wall. b, Magnified SEM image showing the rigid 

macrofibers and soft parenchymal cells are connected via a lignin-hemicelluloses biopolymer 

complex. c, Magnified SEM image showing a typical macrofiber, which consists of hundreds of 

solid and densely aggregated microfibrils. d, The microfibrils in a typical macrofiber have an 

average diameter of ~13 μm and high aspect ratio of ~200. 
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Supplementary Fig. 2 | The main classical structures found in lignin: (A) β-O-4′ linkages; (A′) 

acylated β-O-4′ substructures (R = Ac, p-CA); (A″) Cα-oxidized β-O-4′ linkage substructures; (B) 

resinol structures formed by β-β′, α-O-γ′ and γ-O-α′ linkages; (C) phenylcoumarane structures 

formed by β-5′ and α-O-4′ linkages; (D) spirodienone structures formed by β-1′ linkages; (S) 

syringyl unit; (S′) oxidized syringyl unit linked to a carbonyl or carboxyl group at 

Cα (phenolic); (G) guaiacyl unit; (H) p-hydroxyphenyl units; (p-CE) p-coumarates units. 
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Supplementary Fig. 3 | a, FTIR spectra of natural bamboo stem, mechanically-extracted 

macrofibers, and the bamboo cellulose macrofibers isolated via the selective delignification 

process. After the first chemical delignification step, the absorption peaks of hemicelluloses at 

1740 cm
-1

 (=CO stretching vibration of the carboxylic acid and ester groups) and lignin at 1594 

and 1508 cm
-1

 (C=C stretching vibration), 1457 cm
-1

 (CH2 deformation stretching), 1238 cm
-1

 

(C–O vibration in the syringyl ring), and 835 cm
-1

 (C-H aromatic bending) disappear in the 

spectra of bamboo cellulose macrofibers, indicating the effective elimination of lignin and 

hemicelluloses from the material. b, The cellulose, hemicelluloses, and lignin contents in natural 

bamboo stem, mechanically-extracted macrofibers, and bamboo cellulose macrofibers. The 

relative cellulose content of the bamboo cellulose macrofibers increases substantially (up to 95%) 

after the delignification treatment of the bamboo stem starting material. The cellulose and lignin 

content are stable in mechanically-extracted macrofibers while the hemicelluloses are prone to 

thermally degrade during the high temperature hydrothermal treatment. 
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Supplementary Fig. 4 | Photograph of the completely delignified bamboo stem during the 

washing process. After treatment, the bamboo separates into distinct fibers.  
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Supplementary Fig. 5 |. a, SEM image of the natural bamboo stem wall. b, Magnified SEM 

image showing the hollow parenchyma cells are connected by high concentrations of lignin at 

the cell interfaces. c, A side-view SEM image showing the parenchyma cells distributed around 

the macrofibers in the natural bamboo stem. d, A SEM image of the partially delignified bamboo 

stem shows cracks that appear in the parenchyma cell region, as well as a loose connective 

structure between the parenchyma cells and adjacent macrofibers compared to the unmodified 

natural bamboo. e, A magnified SEM image showing the parenchyma cells, which detach from 

neighboring cells during the delignification process and feature a decreased cell wall thickness. f, 

A side-view SEM image showing how the parenchyma cells naturally fall away from the 

cellulose macrofiber surface after the removal of the lignin binder by the delignification process. 

  



 12 

 

 

 
Supplementary Fig. 6 | Optical microscopy images of typical delignified bamboo macrofiber a, 

before and b, after the air-drying process. We observed ~10-12% shrinkage across the diameter 

change of 50 bamboo cellulose macrofibers. 
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Supplementary Fig. 7 | Photograph of delignified bamboo stems demonstrating different lengths 

of cellulose macrofibers that can be obtained simply by immersing more of the bamboo stem in 

the delignification solution.  
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Supplementary Fig. 8 | The densities of the natural bamboo stem, mechanically-extracted 

macrofibers, and bamboo cellulose macrofibers. 
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Supplementary Fig. 9 | The XRD diffraction patterns of the mechanically-extracted macrofibers 

and bamboo cellulose macrofibers, the latter of which displays a blueshift of 0.55
o
 in the (200) 

peak. Using Bragg’s formula, we found the bamboo cellulose macrofibers feature a decrease of 

0.06 Å in the average distance between the (200) crystal planes compared to the 

mechanically-extracted control.  
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Supplementary Fig. 10 | The similar stress-strain curves of bamboo cellulose macrofibers with a 

gauge length of 1 cm indicated the consistent tensile properties of the fibers. 
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Supplementary Fig. 11 | a, The Young’s modulus of bamboo cellulose macrofibers of different 

diameter. b, The tensile strength and c, Young’s modulus of bamboo cellulose macrofibers of 

different gauge length.  
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Supplementary Fig. 12 | a, Relationship between the tensile strength and diameter of bamboo 

cellulose macrofibers. b, The cumulative Weibull probability distributions for the bamboo 

cellulose macrofibers. 
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Supplementary Fig. 13 | SEM image showing the bamboo cellulose macrofibers were arranged 

in an orthogonal, interlacing pattern featuring an aligned structure, in which the fibers did not 

intertwine.  
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Supplementary Fig. 14 | a, Schematic illustration of the experimental VARTM setup. Multiple 

layers of bamboo cellulose macrofiber mats were placed in a single-sided mold and impregnated 

with liquid epoxy resin via vacuum pressure, then cured at 150 
o
C with an external pressurization 

of 13 MPa to produce the fiber/epoxy resin composite. b, The contact angle measurement was 

carried out by directly depositing an epoxy resin micro-drop on the surface of a single bamboo 

cellulose macrofiber. A contact angle of ~38
o
 was observed, indicating the resin’s good 

wettability and compatibility on the bamboo cellulose macrofibers. 
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Supplementary Fig. 15 | a, SEM image of the bamboo cellulose macrofibers encapsulated by 

the epoxy, demonstrating the materials’ good interfacial compatibility. b, Magnified SEM image 

showing the bamboo cellulose macrofiber provides good interfacial adhesion with the epoxy 

matrix. 
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Supplementary Fig. 16 | Typical tensile stress–strain curves of the BFRC tested along the 

horizontal and vertical directions of the composite (relative to the fiber orientations), both of 

which feature almost the same tensile strength of ~350 MPa. 
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Supplementary Fig. 17 | a, Schematic of cross-sectional area measurement of macrofiber. b-g, 

Typical cross-section and the equivalent diameter determination of the testing macrofibers. 

  



 24 

 

Supplementary Table 1 | Comparison of the lignin content and mechanical properties of our 

long bamboo cellulose macrofibers and other reported long bamboo macrofibers obtained from 

different extraction methods. 

Note: “-” indicates no related data was mentioned. 

 

  

Extraction 

method 
Extraction procedure 

Lignin 

removal 

Density 

(g cm
-3

) 

Strength 

(MPa) 

Modulus 

(GPa) 
Ref. 

Mechanical 

extraction 
- - 1.40 800 43 [17] 

Steam 

explosion 

Bamboo strips were heated at170 ℃ 
with high pressure (0.8 MPa) in an 
autoclave for 1h, and steam was 
immediately released for 5 min, repeat 
nine times, collected via a sifter 
machine with mesh filtrating. 

4.5% 0.80 441 35.9 [18] 

Crushing 
Bamboo strips were crushed into small 
pieces by a roller crusher and boiled at 
90 ℃ for 10 h. 

No 0.93 250 - 590 
22.2 - 

54.2 
[19] 

Retting 
Bamboo strips were wetted in water 
for more than 3 days, beaten, scraped 
with a knife and combed. 

No 0.91 503 35.9 [20] 

Steam & 

rolling 

Bamboo culms were pre-treated by 
saturated steam at a pressure of 10 atm 
(180 °C) in a pressure tank for 0.5 h 
and rub-twisted by multi-rollers. 

No 1.0 653 - 766 
22.5 - 

26.7 
[21] 

Alkali & press 
Bamboo strips were treated with 1.5 
mol/L NaOH solution at 70℃ for 5 h, 
and separated by press machine. 

8.0% 1.29 473 - 717 
33.3 - 

43.3 

[19] 
[22] 
[23] 

Compression 

moulding 

technique 

Bamboo strips were treated with 0.1 
mol/L NaOH solution for 72 h, pressed 
by two flat platens with a constant load 
of 10 tons. 

- 0.9 
300 - 

1000 
- [24] 

Roller mill 

technique 

Bamboo strips were treated with 0.1 
mol/L NaOH solution for 72 h, 
separated by two rolls. 

- 0.8 300 - 700 - [24] 

Our Method: 
Chemical 

delignification
& 

water-assisted 
separation 

Bamboo culms were treated with 10% 
peroxyacetic acid solution for 12h to 
completely removing lignin and 
hemicelluloses, and separated by 
water. 

94.8% ~1.45 
1580 - 

2220 

61.6 - 

120 

Our 

work 
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Supplementary Table 2 | The structural parameters of the mechanically-extracted 

macrofibers and chemically-isolated bamboo cellulose macrofibers. 

Macrofiber sample  MFA(
o
) 

Orientation 

index 

Crystallite width 

(Å) 

Crystallite spacing 

d200 (Å) 
CI% 

Mechanically-extracted macrofibers 9.3 0.91 3.4 2.08 42.4 

Bamboo cellulose macrofibers 7.2 0.93 3.2 2.02 64.9 
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Supplementary Table 3 | The relative content of hydrogen bonds and free OH in the natural 

bamboo stem, mechanically-extracted macrofibers, and chemically-extracted cellulose 

macrofibers. 

Sample 

Peak 1 

O(6)H⋯O(3′) 

Peak 2 

O(3)H⋯O(5) 

Peak 3 

O(2)H⋯O(6) 

Peak 4 

Free OH(2) 

Peak 5 

Free OH(6) 

Peak 

position 

Area 

ratio 

Peak 

position 

Area 

ratio 

Peak 

position 

Area 

ratio 

Peak 

position 

Area 

ratio 

Peak 

position 

Area 

ratio 

Natural 

bamboo stem 
3271 14.0 3340 17.5 3433 23.3 3556 23.5 3589 21.6 

Mechanically 

-extracted 

macrofibers 

3274 16.4 3339 23.0 3434 24.7 3552 19.9 3584 15.8 

Chemically 

-extracted 

cellulose 

macrofibers 

(Bamboo 

cellulose 

macrofibers) 

3271 19.5 3337 25.8 3423 26.2 3570 16.6 3597 11.7 
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Supplementary Table 4 | The microfibril angle (MFA) and tensile strength of macrofibers 

derived from various natural species. 

Species 
Tensile strength 

(MPa) 
MFA (deg) Ref. 

Hemp 750 6.2 [25] 

Wheat straw 300 17 [26] 

Coir 250 43~45 [27] 

Rhectophyllum camerunense 550 ~40 [28] 

Soybean straw 200~300 12~14 [29] 

Windmill palm 180 38~42 [30] 

Flax 300~2100 8.3~9.6 [31] 

Jacitara palm 70~120 9~19 [31] 

Prosopis juliflora bark 560 10~15 [32] 

Rattan 400~600 15~20 [33] 

Lygeum spartum L 250 10~14 [34] 

Pineapple leaf 630~1300 5~7 [35] 

Aloe vera cactus 600 11 [36] 

Ramie 600 7.5 [37] 

Luffa 80 36~50 [38] 

Heteropogon Contortus 500 14 [39] 

Tridax procumbens 500 13 [40] 

Red banana peduncle 450 12 [41] 

Guaruman 600 8 [42] 

Mechanically-extracted bamboo macrofiber 350~760 9.3 Our work 

Bamboo cellulose macrofiber  1580~2220 7.2 Our work 
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Supplementary Table 5 | Input and output (life cycle inventory) of the bamboo treatment 

method presented in this work for the life cycle carbon analysis. 

Input/Output Quantity Unit 

Step 1: Bamboo stem pre-treatment 

Input   

Energy 0.20 kWh 

Water 0.34 kg 

Bamboo 165-172 g 

Output*   

Pre-treated bamboo 162-170 g 

Step 2: Treat bamboo stem with peroxyformic acid solution 

Input   

Energy 0.51 kWh 

Bamboo 162-170 g 

Peroxyformic acid solution was prepared using the following chemicals (see 

Supplementary Note 3 for details)  

Formic acid (AR >99%) 0.053 kg 

Hydrogen peroxide (AR ~30%) 0.142 kg 

Sulfuric acid (AR >99.5%) 0.001 kg 

    Deionized water  0.60 kg 

Output*   

Treated bamboo 127-133 g 

Step 3: Treat bamboo stem with sodium hydroxide solution and wash in deionized 

water 

Input   

Bamboo 127-133 g 

NaOH 0.5 wt% 0.2 kg 

Deionized water 0.40 kg 

Output   

    Bamboo 60 -70 g 

    Wastewater 0.6 kg 

Bio-waste (parenchymal cells removed from bamboo) 65 - 67 g 

*The output of Steps 1 and 2 only includes bamboo, as the remaining solution was reused. 
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Supplementary Table 6 | Density, tensile strength, and carbon intensity (cradle-to-gate) of 

substitute materials and bamboo cellulose macrofibers 

Materials 
Density 

(g/cm
3
) 

Tensile strength 

(MPa) 

Carbon Intensity 

(kg CO2e/kg of materials) 

Hemp fiber 0.86-1.40
43,44

 500-900
43,45

 1.60-4.19
46,47

 

Cotton fiber 1.54
48

 496
49

 2.82-3.47
7
 

Spider silk fiber 1.34
50,51

 900-1500
51,52

 55
53

(synthetic spider silk) 

PAN-based carbon fiber 1.75-2.00
54

 3500-7000
55

 22.4-31.0
56,57

 

Polyamide fiber (Nylon-6,6) 1.13-1.15
58

 120-304
59,60

 7.30-8.26
7,58

 

Polypropylene fiber 0.91-0.92
58

 398-650
61,62

 2.90-3.30
7,58

 

Cellulose fiber (Rayon) 0.98-1.00
58

 330-510
58

 3.60-4.00
7,58

 

Polyester fiber 1.38
58

 573-1000
58,63

 4.40-5.95
7,58

 

Bamboo cellulose macrofiber 1.33-1.57  1580-2220 6.88-8.34 

PAN: polyacrylonitrile 
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Supplementary Table 7 | Tensile strength of fiber-fabric-reinforced epoxy composites. 

Species Matrix 

Fiber 

fraction 

(%) 

Tensile 

strength 

(MPa) 

Ref. 

Jute fiber fabric Epoxy - 42.4 [64] 

Flax fiber fabric Epoxy 39.1 127 [65] 

Glass/Kevlar hybrid fabric Epoxy 65.6 341 [66] 

Glass fiber fabric Epoxy - 330 [67] 

Carbon fiber fabric Epoxy 52 372 [68] 

E-glass/Carbon fiber fabric Epoxy 45 420 [69] 

Phenoxy fibre/Carbon fiber fabric Epoxy - 520 [70] 

Multi-wall carbon nanotubes/Carbon fiber fabric Epoxy 5 480 [71] 

Bamboo cellulose macrofiber fabric Epoxy 60 350 

Our 

work 
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Supplementary Video 1. Separation process showing the delignified bamboo stem was 

separated into thousands of distinct macrofibers. 

 

Supplementary Video 2. The highly oriented bamboo cellulose macrofibers were well retained 

in water during the separation process. 
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