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(A) 

 

(B) 

Figure S1. Summary of photocurable hydrogels. PI concentration based on (A) One-

time illumination (mold or post-curing) (B) build time (various 3D printing 

techniques). See Table S1-2. 
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Table S1. Summary of photocurable hydrogels based on one-time illumination. The best numbers (smallest PI concentration and the fastest irradiation 

time) were taken from the manuscript. ? indicate unknown parameter, ∞ indicate continues irradiation.  

Materials Process Liquid phase Photoinitiator (PI) 
PI [wt 

%] 

Light source 

[nm] 

Irradiation 

time [min] 
Ref. 

CNC, AAc, PEGDA DIW water Water soluble TPO 0.1 395 0.25 This work 

GA, isoleucine, nitrobenzyl DIW water photocleavage of nitrobenzyl ? 365 20 1 

HA DIW PBS Irgacure 2959 0.05 365 2 2 

HA DIW Water/PBS Irgacure 2959 0.05 320-390 5 3 

GelMA DIW water Li-TPO-L 0.8 365 10 4 

AAm, BisAAm DIW water Irgacure 2959 0.7 375 60 5 

HA DIW water Irgacure 2959 0.05 312 2 6 

CNC, AAm, BisAAm mold water 2,2-diethoxyacetophenone 0.5 300 60 7 

CNC, AAm, BisAAm mold water Irgacure 2959 0.45 300 180 8 

CNC, phenyl acrylate, AAm DIW DMSO Irgacure 2959 0.54 365 10 9 

CNC, PEGDA DIW water LAP 0.067 365 1 10 

CNC, PDMA mold water 2,2-diethoxyacetophenone 0.5 365 50 11 

CNC-BAPO, MMA, BuA, 

NIPAAm, HEA 
mold DMF BAPO ? ? 60 12 

cin-CNC, PUA DIW isopropanol Irgacure 819 2 410 20 13 

CNC, AAc, DES DIW 
Ethylene 

glycol 
Irgacure 2959 ? 365 30 14 

GelMA, PEGDMA, Chitosan DIW water Irgacure 2959 0.5 ? ? 15 

GelMA DIW PBS LAP 0.2 365 0.75 16 

Poly(alkyl glycidyl ether) DIW water 
2-hydroxy-2-

methylpropiophenone 
? 365 3 17 

GelMA, HA DIW water LAP 0.5 Blue light ∞ 18 

hASCs, hMSCs DIW water Irgacure 2959 0.05 UV 1 19 

Gelatin mold PBS Irgacure 2959 0.5 365 2 20 

Acrylic acid (AAc), Acrylamide (AAm),  N,N’-methylenebisacrylamide (BisAAm), poly(N,N-dimethylacrylamide) (PDMA), methyl methacrylate 

(MMA), butyl acrylate (BuA), N-isopropylacrylamide (NIPAAm), Deep eutectic solvent (DES), 2-hydroxyethyl acrylate (HEA), Polypeptide glutamic 

acid (GA), polyether urethane acrylate (PUA), Hyaluronic acid (HA), Cinnamoyl chloride (cin), Poly(ethylene glycol) diacrylate (PEGDA), Direct ink 

writing (DIW), diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), Phenylbis(2,4,6-trimethyl- benzoyl) phosphine oxide (Irgacure 819), bis(acyl)phosphane 

oxide (BAPO), Human adipose-derived stem cells (hASCs) human bone marrow-derived mesenchymal stem cells (hMSCs) 
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Table S2. Summary of photocurable hydrogels based on build time. The best numbers (smallest PI concentration and the fastest build time) were taken from the 

manuscript. ? indicate unknown parameter, ∞ indicate continues irradiation. 

Materials Process Liquid phase Photoinitiator 
PI 

[wt%] 

Light 

source 

[nm] 

layer 

exposure 

time [s] 

Layer 

thickness 

[mm] 

Build 

time 

[s]/[mm]  

Post 

curing 

time 

[min] 

Ref. 

CNC, AAc, PEGDA DIW water Water soluble TPO 0.1 365/405 5 0.8 6.25 0 This work 

GelMA DIW PBS Irgacure 2959 0.1 365 2.8 0.25 11.2 0 21 

GelMA DMD PBS Irgacure 2959 1 UV 8 0.1 80 0 22 

PEGDA DMD  LAP 1 UV 1.25 0.025 50 0 23 

M-CMC DLP water LAP 0.4 385 ? 0.05  ? 24 

CNC, PEGDA, DiGlyDA, DLP - Irgacure 819 0.9 ? 4 0.1 40 0 25 

CNC-BAPO, PEGMEM, DLP water BAPO ? 405 3 0.02 150 5 26 

PEGDMA SLA PEGDMA Irgacure 2959/TPO 1 405 ? 0.05  10 27 

Silk fibroin DLP PBS LAP 0.6 365 3 0.05 60 0 28 

MA-BSA SLA water Ru(bpy)3Cl 0.075 405 2.2 0.05 44 90 29 

PEGDA DMD PBS LAP 1 405 3.1 0.05 62 0 30 

TMAEA, NVP DLP water TPO 2 405 2 0.05 40 10 31 

PEGDA DLP water TPO 2 365 2 0.025 80 0 32 

CNC, PEGDA SLA water LAP 0.75 405 ? 0.05  0 33 

CNC, HEMA, PUA DIW 
Isopropanol / 

ethanol (3:1) 
Irgacure 819 0.5 UV 

a few 

minutes 
?  0 34 

HA DIW water Irgacure 2959 0.05 UV ∞ ?  5 35 

AA DMD AA Irgacure 2959 10 365 10 ?  0 36 

AAm SLA water TPO 0.24 385 6 0.1 60 0 37 

AA DLP water TPO 0.1 385 3 0.1 30 0 38 

Chitosan DLP water LAP 0.2 ? 10 0.15 66 0 39 

Acr-PGS DIW Acr-PGS DMPA 0.5 UV ∞ ?  5 40 

PEDOT:PSS, PEGDA mold water BAPO 0.5 UV 60 1 60 0 41 

PEGDA, Poloxamer DIW Water Irgacure 2959 0.1 UV 2 0.2 10 60 42 

Acrylic acid (AAc), Acrylamide (AAm),  2-hydroxyethyl methacrylate (HEMA), polyether urethane acrylate (PUA), Hyaluronic acid (HA), Poly(ethylene glycol) 

diacrylate (PEGDA), glycerol 1,3-diglycerolate diacrylate (DiGlyDA), Direct ink writing (DIW), digital light projector (DLP), digital micromirror device (DMD), 

Stereolithography (SLA), diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), Phenylbis(2,4,6-trimethyl- benzoyl) phosphine oxide (Irgacure 819), bis(acyl)phosphane oxide (BAPO), 

acrylated polyglycerol sebacate (Acr-PGS), 2,2-dimethoxy-2-phenylacetophenone (DMPA), Trimethylammonium ethyl acrylate chloride (TMAEA), N-vinyl 

pyrrolidone (NVP), Methacrylated bovine serum albumin (MA-BSA), Methacrylated-CMC (M-CMC) 
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Supporting information section S1: Estimating printing maximum shear rate 

(MSR) 

The shear rate in a pipe for Newtonian behavior is defined as: 

𝛾�̇� =
4𝑄

𝜋𝑅3
    𝐸𝑞. 𝑆1 

Where 𝑅 is defined as the radius of the pipe, and 𝑄 is the volumetric flow rate. For shear-

thinning fluids (pseudoplastic) Rabinowitsch correction is necessary. For the power-law 

model (𝜂 = 𝑘�̇�𝑛−1) the shear rate becomes: 

𝛾�̇� =
3𝑛 + 1

4𝑛

4𝑄

𝜋𝑅3
    𝐸𝑞. 𝑆2 

The volumetric flow rate is defined as volume per unit time and can also be defined as 

flow viscosity times cross-sectional area. Through our 3D printer, it is hard to determine 

the flow viscosity inside the syringe nozzle, therefore we can estimate 𝑄 from the printed 

material: 

𝑄 = 𝜋𝑅2𝑠 = 𝐷𝐻�⃗�    𝐸𝑞. 𝑆3 

Where the flow speed inside the syringe is 𝑠, �⃗� is the printing speed, 𝑅 is defined 

as the nozzle radius, D as the path width (𝐷 = 2𝑅), and H is the path height (layer 

thickness). For 𝐷 = 0.64 𝑚𝑚, 𝐻 = 0.3 𝑚𝑚 𝑎𝑛𝑑 �⃗� = 10
𝑚𝑚

𝑠
, we calculate 𝑄 =

1.92
𝑚𝑚3

𝑠
. 

The flow rate can be measured by a constant rate plate rheology. First, a constant 

low shear rate (𝛾˙=0.01 1/s, t=100s, T=20 °C) was applied to allow the sample to reach 

the set temperature (20°) and to achieve a defined shear history before the actual 
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experiment. Then, shear rate ramp-up (𝛾˙=0.01 1/s to 𝛾˙=100 1/s, t=100 s, T=20 °C). 

Each sample was measured three times (Figure S2).  

  

  
Figure S2. Raw data of viscosity over shear rate to determine flow behavior index by 

fitting 𝜂 = 𝑘�̇�𝑛−1 between 1 < �̇� < 10. 

A power-law model (𝜂 = 𝑘�̇�𝑛−1) was used to fit a function between 1
1

𝑠
< �̇� <

10
1

𝑠
, using a non-linear least-squares method. Based on Eq. S1-2 maximum shear rate 

was calculated (Table S3). 

 

  

Table S3. Calculated maximum shear rate (MSR)   
1.2% CNC 2.4% CNC 3.6% CNC 5.8% CNC 

n 0.09 0.165 0.17 0.14 
     

MSR (power law) [1/s] 273 169 168 187 
MSR ( Newtonian) [1/s] 75 
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(a) (b) 

  

(c) (d) 

 
(e) 

Figure S3. Raw data of five replicates of unconfined compression test of hydrogels 

with different amount of CNC wt% (a) 0% CNC (b) 1.2% CNC (c) 2.4% CNC (d) 

3.7% CNC (e) 5.8% CNC. 
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Figure S4. (Top) Oscillation amplitude sweep at 1Hz. Shear storage (G’) and shear 

loss moduli (G’’) (Bottom) Oscillation amplitude sweep at 1Hz, phase plot. Low 

phase angles indicate “solid-like” behaviour while high phase angles indicate “liquid-

like” behaviour. 
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Figure S5. Oscillation frequency sweep at 10 Pa. Shear storage (G’) and shear loss 

moduli (G’’) as a function of frequency for different samples. 
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Supporting information section S2: Polymerization kinetics of acrylic acid by 

FTIR 

Infrared absorption measurements were performed to evaluate polymerization kinetics of 

ink 2.4% CNC using IRAffinity-1S Fourier Transform Infrared Spectrophotometer 

(Shimadzu Corp., Kyoto, Japan) equipped with diamond ATR attachment and activated 

by LabSolutions IR software (Shimadzu Corp., Kyoto, Japan). Unpolymerized ink and 

fully photo-polymerized ink by irradiation of LED light (365nm or 405nm 50W LED, 

Shenzhen Justar Electronic Technology CO. LTD, China) for 20 s, spectra were acquired 

by 20 scans of FTIR collected over the spectral range of 1800 − 800 𝑐𝑚−1 with 

instrument resolution of 2 𝑐𝑚−1.  

 
Figure S6. FTIR spectra of ink 2.4% CNC before and after light irradiation. 

Figure S6 shows that Acrylic Acid (AA) monomer (unpolymerized) possessed absorption 

peaks due to signals at 1639 𝑐𝑚−1 that is associated to the 𝐶 = 𝐶 bond and 984 𝑐𝑚−1 

signal that is associated to the = 𝐶𝐻2 bond. These peaks disappeared after 

photopolymerization, revealing the reaction of the carbon-carbon double bond.43 

Moreover, 𝐶 = 𝑂 stretch at 1690 𝑐𝑚−1 is enhanced while the asymmetric stretch of 𝐶𝑂2
− 

at 1615 𝑐𝑚−1 decreases, pertaining transformation of proton.44  
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Based on these finding, FTIR kinetic monitoring of the polymerization of AA in 2.4% 

CNC sample were performed on ~200 μl of ink dropped on the ATR diamond during 

light irradiation, followed by acquiring continuous spectra (1 scan per 3s, with instrument 

resolution of 8 𝑐𝑚−1) within the two ranges 1800 − 1500 𝑐𝑚−1 and 1100 − 900 𝑐𝑚−1 

(Figure S7).  

  
(A) (B) 

  
(C) (D) 

Figure S7. Polymerization kinetics. Fourier transform infrared spectrum of 𝐶 = 𝐶 

acquired after every 3 seconds using (A, C) 365nm and (B, D) 405 nm LED light. 

The polymerization conversion rate (CR) of AA was calculated from the 

decay/disappearance of the absorption peaks of the carbon-carbon double bonds 

according to the Beer–Lambert law, normalized to the final absorbance peak: 

𝐶𝑅 =
1 −

At

𝐴0

1 −
A∞

𝐴0

∙ 100    𝐸𝑞. 𝑆4 

Where 𝐴0, A∞ 𝑎𝑛𝑑 𝐴𝑡   are the absorbances of the peak at time 0, fully polymerized, and 

at time t.37,45  
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Figure S8. Percentage of conversion of carbon-carbon double bond using Eq. S4. 
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Figure S9. Tube printed by DIW method with 2.4% CNC ink without rapid UV photographed after each layer. 
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Figure S10. Tube printed by DIW method with 2.4% CNC ink with rapid UV photographed after each layer. 
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(A) (B) 

Figure S11. Printing ink containing 2.4% CNC using different nozzle diameters; 16G 

(1.29 mm), 18G (1.02 mm), 20G (0.81 mm), 22G (0.64 mm) (A) photo of printed 

lines (B) width of the printed line and nozzle diameter for the various nozzles. 

 

  

 
Figure S12. Printability value of printed square objects at different area sizes. 

 

 

𝑷𝒓 < 𝟏 𝑷𝒓 = 𝟏 𝑷𝒓 > 𝟏 
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Figure S13. Correlation between the designed area to the calculated area measured 

by photographed squares. 

 

 
Figure S14. High aspect ratio (~13) printed hydrogel object using 2.4% CNC ink. 
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Figure S15. Maximum reached overhang for 2.4% CNC using 1.29 mm nozzle. 
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(A) 

 
(B) 

Figure S16. Printing cube from ink containing 2.4% CNC by different wavelength 

irradiation (A) 365 nm (B) 405 nm. 
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