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Supplementary Table 1| Table summarising the degradation time and cost of papers, conventional engineering materials and natural materials.
	Polymers
	Degradation time
(years)
	Cost a
(USD/kg)
	ref

	Paper
	0.17~0.42
	0.96~1.18
	This work

	PLA
	2
	2.76~3.51
	[1-3]

	ABS
	Not biodegradable
	2.53~2.66
	[4,5]

	PC
	Not biodegradable
	2.38~2.42
	[6,7]

	Nylon
	30~40
	4.24~6.26
	[8,9]

	Methyl Meth Acrylate (PMMA)
	Not biodegradable
	2.30~3.08
	[10,11]

	Polyethylene Terephthalate
	450
	1.31~1.89
	[3,12]

	Polycaprolactone (PCL)
	2~3
	2.1~3.5
	[13]

	UP(Polyester)
	100
	2.56~2.65
	[14,15]

	Silicone elastomer
	50~500
	4.97~5.31
	[16]

	Wood
	1.25
	0.60~2.60
	b, c, d

	Cotton
	0.5
	1.75~5.04
	

	Bamboo
	0.5~1
	1.30~1.95
	

	Micro fibrillated cellulose (MFC)
	0.4~1.5
	800~1.15e3
	e,f

	Cellulose Nanofiber (CNF)
	0.5~2
	1.3e3~3.0e4
	

	Cellulose Nanocrystals (CNC)
	0.5~2.5
	1.6e3~5.0e4
	


a Data compiled from software Granta EduPack 2023R1 Version: 23.1.1
b Data compiled from Better Meets Reality. (2019, October 12). How Long It Takes For Different Materials & Everyday Items To Break Down/Degrade - Better Meets Reality. https://bettermeetsreality.com/how-long-it-takes-for-different-materials-everyday-items-to-break-down-degrade/
c Data compiled from Conserve Energy Future. Is Bamboo Biodegradable? (And Bamboo Plastic?). Retrieved September 15, 2023, from https://www.conserve-energy-future.com/is-bamboo-biodegradable.php
d Data compiled from Recycle Track Systems. (2022, August 15). How Long Does It Take for Common Materials to Decompose? - Recycle Track Systems. https://www.rts.com/blog/how-long-does-it-take-for-common-materials-to-decompose/
e Data compiled from Cellulose Lab Inc. Nanocellulose Product Price https://celluloselab.com/price/Cellulose%20Lab%20Inc%20Product%20Price.htm
f Data compiled from Degradation of Cellulose Derivatives in Laboratory, Man-Made, and Natural Environments - PMC (nih.gov). https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9277587/


Supplementary Table 2 | Table summarizing the embodied energy and the CO2 footprint per kg of conventional 3D printing and engineering materials. 

	Polymers
	Embodied energy (MJ/kg)
	CO2 footprint (kg/kg)
	Ref.

	PAPER
	21 ~ 23.2
	1.13 ~ 1.25
	Data refer to software Granta EduPack 2023R1 Version: 23.1.1

	Acrylonitrile butadiene styrene (ABS)
	88.9 ~ 98.3
	3.41 ~ 3.77
	

	Polycarbonate (PC)
	100 ~ 111
	5.6 ~ 6.18
	

	Polyethylene terephthalate (PET)
	68.7 ~ 76.8
	2.54 ~ 2.82
	

	Polylactide (PLA)
	42.5 ~ 47.2
	2.15 ~ 2.4
	

	Polyurethane (tpPUR)
	78 ~ 86
	3.05 ~ 3.37
	

	Silicone elastomers (SI. Q)
	118 ~ 130
	6.2 ~ 6.83
	

	Polyethylene (PE)
	76.1 ~ 83.9
	1.77 ~ 1.95
	

	Polymethyl methacrylate (PMMA)
	107 ~ 118
	5.85 ~ 6.45
	

	Polypropylene (PP)
	64.6 ~ 71.4
	2.72 ~ 3.01
	

	Polystyrene (PS)
	77.8 ~ 85.9
	2.76 ~ 3.05
	

	Polyvinylchloride (tpPVC)
	60.9 ~ 67.2
	2.63 ~ 2.9
	






[bookmark: _Hlk161675600]Supplementary Note 1: Comparison of our work and existing works on 3D printing cellulose- or lignocellulose-based materials. 

Existing works on 3D printing of cellulose- or lignocellulose-based materials typically employ one of the following strategies: 
1) Nanocellulose extracted from biomass (e.g. cellulose nanocrystals, cellulose nanofiber)
2) 3D printing of bacteria-laded inks that biosynthesize nanocellulose
3) 3D printing of lignin derived from woody biomass

1) Compared to studies on nanocellulose extracted from biomass, our approach offers the advantages of the utilization of waste materials, improved environmental friendliness, quick preparation and economic viability. 

· The utilization of waste materials - Numerous literatures have demonstrated the use of nanocellulose for 3D printing[17-20]. However, these studies typically rely on virgin nanocellulose as the starting material. In contrast, our work utilizes waste papers, which are abundant and readily available, as a source of cellulose fibres to develop inks with excellent printability. This approach is a more sustainable approach and also better aligns with the circular economy practices. 

· Improved environmental friendliness – Although nanocellulose is derived from renewable and sustainable resources, current methods for producing nanocellulose, such as CNCs, are not environmentally friendly. They are typically highly energy-intensive, time-consuming and require the use of toxic chemicals (see Supplementary Table 3 for a comparison of the preparation procedure). To extract cellulose from plants, energy-demanding and environmentally harmful processes, such as alkalization, bleaching and acidic hydrolysis, are required[21]. Additionally, manufacturing nanocellulose fibrils requires either high-pressure mechanical treatments or chemical treatments, such as carboxymethylation or TEMPO-mediated oxidation. The mechanical treatments demand a huge amount of energy, exceeding 30 MWh/tonnes[22], while chemical treatments require solvents, such as crude oil, strong acids and strong alkalis. 

In contrast, our ink preparation approach does not require energy-intensive or the use of toxic chemicals. We estimated the carbon footprint of our ink preparation methods and compared it to the carbon footprint of nanocellulose-based inks (see Supplementary Tables 4 – 5 for the calculation). The carbon footprint of our method is 300 times lower than that of the nanocellulose inks. This indicates the improved environmentally friendliness compared to nanocellulose-based inks.

· Quick preparation and economic viability
The preparation of nanocellulose is a time-consuming and expensive process, which takes usually more than 192~387 hours[19,23,24], involving several steps such as hydrolysis and purification[25]. Although commercial nanocellulose materials are available, their costs are considerably high, ranging from 165 USD to 16500 USD per kilogram. In contrast, our ink preparation procedure is simple, cheap and eco-friendly, relying only on simple mechanical treatments and home-available solvents, like water. Our process can be easily adopted even at home, and the cost of waste paper is 0.02~0.71 USD per kilogram. Therefore, our method is a more economical and straightforward approach. 


2) Compared with bacteria-laded inks that biosynthesize nanocellulose in constructs, our approach is microorganism-free, economic feasible and scalable.

Prior works on 3D printing of bacteria-laden inks primarily focus on soft and hydrogel-based constructs[26-28]. Several limitations have hindered their use for daily 3D printing, including time-consuming bacterial culture, safety concern, expensive production costs and limited scalability for mass production.


3) Compared with lignocellulose derived from woody biomass, our approach offers improved eco-friendliness and colour-tuneability of the constructs. 

Several studies have utilized lignocellulose extracted from wood sources for 3D printing[24,29] However, the key drawback of these materials is their intrinsic dark colour, which makes the ink difficult to achieve colour tuneability[30,31]. In addition, these studies also rely on virgin resources and might require chemical treatments, which limited their sustainability credentials[29]. 


Overall, although our approach is also based on cellulose fibre materials, our approach offers several notable advantages. Firstly, our work utilises waste paper materials, which are abundant resources. This allows for scalability, and eliminates the need for additional costs and energy associated with the production of 3D printing materials, aligning with the sustainability goals of 3Rs. Secondly, our ink preparation is simple, economical and does not require excessive time for production. Thirdly, our ink formulation demonstrates remarkable printability, allowing for the creation of high-fidelity 3D prints. 


Supplementary Table 3| Comparison of the paper pulp preparation method employed in this work with the exemplar procedures for the preparation of cellulose nanofibers and bacterial cellulose, in terms of solvents used, required electricity and time.  
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Supplementary Table 4| Estimated energy consumption and carbon footprint of the preparation of cellulose nanofibers. 




[image: ]
*The estimated carbon footprint of electricity is calculated using the Greenhouse gases equivalencies calculators suggested by the United States Environmental Protection Agency, which assumes an emission rate of 0.86 pounds of CO2 per KWh of electricity a. The estimated carbon footprint of sulfuric acid is based on Boliden public limited company annual summary, which assumes an emission rate of 0.055 pounds of CO2 per kg of sulfuric acid b.  

a Greenhouse Gases Equivalencies Calculator - Calculations and References | US EPA., from https://www.epa.gov/energy/greenhouse-gases-equivalencies-calculator-calculations-and-references

b Lowcarbon Sulphuric Acid-Boliden, from https://www.boliden.com/news/low-carbon-sulphuric-acid/











Supplementary Table 5| Estimated energy consumption and carbon footprint of the ink preparation method using waste papers in our work.
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*The estimated carbon footprint of electricity is calculated using the Greenhouse gases equivalencies calculators suggested by the United States Environmental Protection Agency, which assumes an emission rate of 0.86 pounds of CO2 per KWh of electricity a. 

a Greenhouse Gases Equivalencies Calculator - Calculations and References | US EPA., from https://www.epa.gov/energy/greenhouse-gases-equivalencies-calculator-calculations-and-references
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Supplementary Fig. 1 Our ink preparation process to convert various types of waste papers into 3D printing inks
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Supplementary Fig. 2 The morphologies of the paper fibres and their length statistics before and after grinding. (a) Micrograph, (b) SEM picture, and (c) fiber length statistical results before grinding. (d) Micrographs, (e) SEM images and (f) fiber length statistics after grinding. n > 500 for the fibre length measurements
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Supplementary Fig. 3 Improved printability with the addition of PAM. Nozzle clogging issues occurred when PAM was not added in the ink

[image: ]

Supplementary Fig. 4 Photo showing the sedimentation effect of paper fibers in the ink when a dispersant is not added, and the stability of the inks when a dispersant is added (i.e., 1 w/v% PAM, sodium hyaluronate (SHA) and sodium alginate (SA).  The photos were taken 30 minutes after the solutions were prepared
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Supplementary Fig. 5 Printability of the waste paper ink with 10 w/v% sodium alginate added as a dispersant


[image: ]

Supplementary Fig. 6  Ink printability. (a) Schematic showing the factors that dominate the 3D printability, including print rate (v), nozzle-to-stage distance (h), and extrusion pressure (p). (b) The influence of the print speed (v) and the extrusion pressure (p) on the printability of the waste paper ink. (c) The influence of the print speed (v) and the nozzle-to-stage distance (h) on the printability. (d) Printability diagram illustrating the printing settings (v and h) for different filament morphologies. (e) Comparison of the front view dimensions between the CAD geometry and the as-printed staircase sample. (f) High-fidelity 3DP samples of different infill patterns with the use of the optimized 3DP settings found in (d)
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Supplementary Fig. 7 Longevity of the 3D printed paper constructs. Photographs showing the appearance of (a) the as-fabricated construct and (b) the same construct stored for 18 months. No notable change in appearance was observed



[image: ]
Supplementary Fig. 8 Long shelf-life of the 3DP paper inks. (a) Viscosity profile of the as-prepared waste paper ink and the ink stored for 8 months. (b) Plot of the shear stress vs shear rate. (c) Plot of the shear modulus (G’ and G’’) vs shear stress. (d) Cyclic dynamic time sweep between an alternative strain of 0.1% and 200%. Data were collected at 1.0 rad/s and were measured at 25 oC. (e) Shape fidelity of the 3DP samples fabricated using the paper inks stored for 8 months


[image: ]

Supplementary Fig. 9 Recyclability of the paper constructs. (a) Schematics illustrating the recycling route for transforming 3DP paper constructs into paper inks at the end of their lifespan. (b) Viscosity profiles of the paper inks during the five-cycle recycling


[image: ]
Supplementary Fig. 10 Rheological properties and 3D printability of the paper inks produced from newspapers. (a) Viscosity profile. (b) Shear modulus profile. (c) Plot of G’ and G’’ under an alternative shear strain of 0.1 % and 200 %. (d) Ink printability and appearance of the 3DP constructs produced from newspapers inks. Scale bars = 10 mm


[image: ]
Supplementary Fig. 11 Rheological properties and printability of the paper inks produced from cardboards. (a) Viscosity profile. (b) Shear modulus profile. (c) Plot of G’ and G’’ under an alternative shear strain of 0.1 % and 200 %. (d) Ink printability and appearance of the 3DP construct produced from the cardboards inks. Scale bars = 10 mm
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Supplementary Fig. 12 Photographs of the colourful paper vase construct produced via multimaterial 3D printing using office paper inks supplemented with two different colour dyes. Scale bars = 10 mm
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Supplementary Fig. 13 Photographs of high brightness office paper, tissue paper, and their corresponding pulp solutions. The office paper and its pulp aqueous suspension demonstrate a blue fluorescence under UV irradiation, while the tissue paper and its pulp solution exhibit no fluorescence. Scale bars = 1 cm



[image: ]
Supplementary Fig. 14 Mechanical properties of the paper constructs dried by different methods. (a) Representative stress-strain curves and (b) summary of the elongation at break, fracture strength and Young’s modulus of the constructs dried by different methods. n = 5
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Supplementary Fig. 15 Mechanical properties of the 3DP constructs made from the office paper inks before and after five times of recycling. (a) Stress-strain curves of the constructs fabricated with the pristine ink (denoted as ‘0’ in the graph) and the recycled inks. (b-d) Summary of the mechanical parameters of the constructs fabricated with the pristine ink and the recycled inks (i.e., elongation at break, fracture strength and Young’s modulus). Data in b, c, and d are means ± S.D., n = 3 independent samples
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Supplementary Fig. 16 Mechanical properties of the 3DP constructs made from paper inks derived from office papers, cardboard and newspapers. (a) Stress-strain curves of the constructs fabricated from various paper type inks. (b-d) Summary of the mechanical parameters of the 3DP constructs (i.e., elongation at break, fracture strength and Young’s modulus). Data in b, c, and d are means ± S.D., n = 3 independent samples
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Supplementary Fig. 17 Thermal stability of the 3DP constructs made from commercial TPU when it was placed on a hot plate at 200 oC for 2 hours. TPU: thermoplastic polyurethane. Scale bars = 10 mm
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Supplementary Fig. 18 Mechanical properties of the 3DP constructs made from the composite of waterborne polyurethane inks (PU) and paper fibre fillers. (a) stress-strain curves. (b-d) Summary of the mechanical parameters of the 3DP constructs (i.e., elongation at break, fracture strength and Young’s modulus). Data in b, c, and d are means ± S.D., n = 3 independent samples
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Supplementary Fig. 19 (a) Miura-origami constructs composed of soft domains and hard domains. (b - e) show the folding process of the 3DP construct.


[image: ]
Supplementary Fig. 20 (a) Strain distribution within the heterogeneous origami construct during a z-axis compression obtained from finite element simulation. (b) Simulated strain distribution within the heterogeneous tessellated construct during a z-axis compression. Regions I, II and III are denoted in Figure 4e and Figure 4h


Supplementary Table 6 | Table summarising the stability temperature and the processing temperature of papers and conventional thermoplastics.
	[bookmark: _Hlk145615876]Materials
	Stability temperature
(℃)
	Processing temperature
(℃)
	ref

	Paper
	200
	25
	a

	PLA
	60
	180
	[1-3]

	ABS
	117
	235
	[4,5]

	PC
	147
	288~316
	[6,7]

	TPU
	-60
	185~220
	[32-34]

	Nylon
	97
	220
	[8,9]

	PVA
	70
	225
	[35]

	Ethylene Vinyl Acetate (EVA)
	35
	90
	[36]

	Methyl Meth Acrylate (PMMA)
	105
	185
	[10,11]

	Polybutylene Terephthalate (PBT)
	43
	225
	[37]

	Polystyrene
	100
	270
	[3,38,39]

	Polyamide
	70
	320~345
	[40]

	High Density Polyethylene
	-100
	130
	[3,41-43]

	Polypropylene
	-20
	171
	[3,44,45]

	Polyethylene Terephthalate
	75
	250
	[3,12]

	Poly Vinyl Chloride (PVC)
	82
	100~260
	[3,46,47]

	PLA + softwood lignin (20–40%)
	179.2~186.6
	 59~71
	[48]

	PLA + microcrystalline cellulose (MCC) (1–5%)
	159~161
	60
	

	PLA + wood flour (5%)
	167
	60
	

	PLA + lignin (5–15%)
	147~152
	56~61
	

	Poly (L-lactic acid) + lignin (10–40%)
	161~170
	57~64
	

	PNIPAAM
	25
	32~35
	[49]

	Cellulose hydrogel
	37
	60
	[50]

	Gelatin
	25
	121
	[51]

	poly(MAAc-co-NPAM)
	25
	70
	[52]


a Data refer to software Granta EduPack 2023R1 Version: 23.1.1


Supplementary video captions
Supplementary Video 1 | 3D printing process of the paper ink to produce a high-fidelity construct
Supplementary Video 2 | 3D printing process of the paper ink printed with a 45o rectilinear infill
Supplementary Video 3 | 3D printing process of the paper ink printed with a 90o rectilinear infill
Supplementary Video 4 | Multimaterial 3D printing process of a multicoloured vase construct produced by waste paper inks.
Supplementary Video 5 | Robust mechanical properties of an information embedded print under mechanical deformation of bending, rolling and folding
Supplementary Video 6 | Finite element simulation of the stress distribution of the heterogeneous Miura origami construct under compression. 
Supplementary Video 7 | Finite element simulation of the stress distribution of the heterogeneous tessellated construct under compression.
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