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Construction of High-solid Water-based Polyurethanes Using Cellulose
Nanocrystals and Tungsten Disulfide Nanosheets in Synergy with
Sodium Alginate, and 3D Printing Applications
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Abstract: To address the bottlenecks of traditional waterborne polyurethane (WPU) emulsions, including
low solid content, significant drying shrinkage, and poor interlayer adhesion in 3D printing, this
study proposes a Pickering emulsion strategy. This approach utilizes cellulose nanocrystals to assist in the
exfoliation of disulfide-bonded nanosheets, which are synergistically stabilized with sodium alginate (SA).
This strategy successfully yielded a high-performance WPU emulsion with a solid content of 70 wt%,
endowing it with exceptional rheological properties, shear thinning behavior, high viscosity (1972.8 Pa-s),
and rapid thixotropic recovery. The high solid content design not only significantly suppresses moisture
migration and volume shrinkage during drying, maintaining dimensional errors of printed components
within 12%, but also promotes molecular chain diffusion and interfacial fusion between printed filaments,
achieving outstanding interlayer adhesion. Mechanical testing revealed that uniform nanoparticle
dispersion and multiple hydrogen bonding interactions endowed the WPU elastomer with remarkable
mechanical properties: tensile strength reached 45.1 MPa, while elongation at break soared to 617.8%.
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By synergizing micro-interface engineering with macroscale rheological control, this study establishes a
novel paradigm for the precision manufacturing and functional applications of high-performance WPU in

complex structures.
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Figure 1  Synthesis route for water-based polyurethane
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dispersions: (a) AFM image of CNC, (b) AFM image of CNC@
WS,, (c) TEM image of CNC@WS,, (d) UV-Vis spectrum
of CNC@WS,

=5 B AR A 5 A T 3w S kM S AR AR e
(7] s e 3k i 7 TRTAH ELAE A S 30 WS, 44K 1)
e, AFM 5 TEM &5, CNC 5 WS, 44
KA EHLhA, I H WS, #3854 200~400 nm JT
P Z YK R,k 2(d) TR, UV-vis Y6 i 7E
638 nm 4k H 2 3 ST, SR/ R WS, 4K
(AR, dE—DIE SR E S A T AAHE
W ILRN D (VIR B E WS, 49K F.
22 KMEBEAECFENRFIRFRIE

T IR SRR () BT i SR A L AR
e 2L AP 6 (FTIR) X 58 2 I ik A Ak, 2% 45 1 ik AT
FAF (E3). WPU H1PWPU 7£ 2260~2280 cm ' §ii
W TR TR R AR IR U 58 4x 9 2k, 1700~
1730 cm ' St A H B T U T B R R Bk
iR (e 45 IR By U, #413340 om ™' kb ISR N —H
PR BN P20, X LR A ] 2 B S S R I 5
H 48 58 4 IRONE, B0 D) AR il 50 2 T A B v 1) 2
A PR T B

—C=0
1700-1730

(3

=

8

s —NCO

2 2260-2280

PWPU
1 1 1 1
3900 3120 2340 1560

Wavenumber (nm™')
B3 KMERANLHRAE
Figure 3 Structural characterisation of waterborne
polyurethane
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Figure 4 FTIR spectra peak fitting of the C=0 stretching
vibration region for (a) WPU and (b) PWPU; (c) Stress-strain
curves for WPU and PWPU
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Figure 6 Photographs of emulsions with different solid
contents: (a) 40 wt%, (b) 50 wt%, (c) 60 wt%, (d) 70 wt%
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Figure 7 (a) Oscillatory strain-strain curves for emulsions
with varying solid content; (b) Steady-state flow curves for
emulsions with varying solid content; (c) Steady-state flow
curves for different sodium alginate concentrations
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Figure 8 Comparison of actual dimensions (length, width and
height) of the printed matrix model before and after air drying
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Table 1 Variation in linear dimensions of printed models

Printed sample Dried sample Dimensional

(mm) (mm) fidelity (%)
Height 5.1 4.5 88.2
Length 315 30.7 97.5
Width 31.8 309 97.2
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Figure 9 Printed structure SEM images: (a) filament
junction, (b) printed deposition path; (c) Stress-strain curves
for horizontal and vertical printing orientations



2026

MIRGEVEAS T A FHT BN 7 0] Bz v fie 5 2 0 47
AR 7 o I BT B R R R R AT R
A, PPAL T BRI [l 6 7 28 RE FR 521 (1 9c)
# 7K P (horizontal) F1 5 B (vertical) 7 E[l 75 1] 1)
B R CHE, P i 25 A R 7R B R AT ER 7 7]
FER IR FF M AE B 5 w7 3Re /) WK R 2
600%, M1 % 58 & 73 9] 9 45.1 MPa (7K ~F- 77 [ ) #il
40.2 MPa (FEH J5 ). IXFRBHFTENGN 22 8] B A 5

SRS AR ST

11# 10(a)~10(c) fir 7~, PWPU70 5 B A2 i 1%
SREEH S UTRATER, TE 4T ENTEZE . KL, Mg o5
ZRE R LR  FT S5 K30 FERC BRIH . 2k
SFIESL, LBRTCERRG, RUMBHESF HEERA
RUFA BN, VIR G B 45 208 (1 St SO i 5 451
WEREST . 1ZE5 R, PWPU AT SZElnl#n 1,
SCRFE RS S5 1) v EEST BN RE

10 3DITEIIR IR LATEE 4 : ()16, (b) kAL, (c)mbik
Figure 10 Complex geometries produced by 3D printing: (a) flower, (b) plane, (c) butterfly

3 #ip

FF R T — Rl CNC@QWS, 5 SA ) =t
7] Pickering L At 5 B, J U il 2% 1 [ & & =ik
70 Wt% [R7K PR SR 2 g, SEI 1 K1 5R 2 B 1) DIW
D FTEM. 1Ak F A FH N KL 178 2L IB0RG 7 TH W
B PR A LV T BT vy [T T v SR AR e XU
B RE . PRI HESL 5 R MR EL AR T i 2 44 3))
A GG ) 248 A5 58 1 Ay A 5 FE A 45.1 MPa, BT
K 26617.8%. i [F] 1 f T 42 35 PR AR T4 e 4
SEHL T R AR L K DIW AT Bl A HE 578 A K
PRI 2 e 3D AT ENF (it T Hri& 1%, AMUFIL 1 it
TR, A BRI R SR LA 4 R ) s P

S 3k

1 Cheng, B. X.; Gao, W. C.; Ren, X. M.; Ouyang, X. Y,
Zhao, Y.; Zhao, H.; Wu, W.; Huang, C. X; Liu, Y.; Liu,
X.'Y.,; Li, H. N.; Li, R. K. Y. A review of microphase
separation of polyurethane: characterization and
applications. Polym. Test., 2022, 107, 107489.

2 Santamaria-Echart, A.; Fernandes, l.; Barreiro, F;
Corcuera, M. A.; Eceiza, A. Advances in waterborne
polyurethane and polyurethane-urea dispersions and
their eco-friendly derivatives: a review. Polymers, 2021,
13(3), 4009.

3 Salzano de Luna, M. Recent trends in waterborne

and bio-based polyurethane coatings for corrosion
protection. Adv. Mater. Interfaces, 2022, 9(11), 2101775.

4 Frka-Petesic, B.; Parton, T. G.; Honorato-Rios, C.;

Narkevicius, A.; Ballu, K.; Shen, Q. C.; Lu, Z. H;
Ogawa, Y.; Haataja, J. S.; Droguet, B. E.; Parker, R. M.;
Vignolini, S. Structural color from cellulose nanocrystals
or chitin nanocrystals: self-assembly, optics, and
applications. Chem. Rev., 2023, 123(23), 12595-12756.

5 Mantala, K.; Crespy, D. Waterborne polyurethane

transparent coatings for self-healing at room
temperature. Macromolecules, 2025, 58(7), 3450-3459.

6  Aramayo, M. A. F.; Fernandes, R. F.; Dias, M. S.; Bozzo,

S.; Steinberg, D.; da Silva, M. R. D.; Maroneze, C. M.;
Silva, C. C. C. Eco-friendly waterborne polyurethane
coating modified with ethylenediamine-functionalized
graphene oxide for enhanced anticorrosion performance.
Molecules, 2024, 29, 4163.

7  Pichon, E.; De Smet, D.; Rouster, P.; Freulings, K;

Pich, A.; Bernaerts, K. V. Bio-based non-isocyanate
polyurethane(urea) waterborne dispersions for water
resistant textile coatings. Mater. Today Chem., 2023, 34,
101822.

8 Wei, P. R; Cipriani, C.; Hsieh, C. M.; Kamani, K,;

Rogers, S.; Pentzer, E. Go with the flow: rheological
requirements for direct ink write printability. J. Appl.
Phys., 2023, 134(10), 100701.

9 Zheng, R. J; Binks, B. P; Cui, Z. G. Pickering

emulsions of hydrophilic silica particles and symmetrical
organic electrolytes. Langmuir, 2020, 36(17),



X 3

ZRIGIRGE: STUER UK SR B RS 9K R () B R B A SR v 11 5 7K A

TR s [ I 3DFTENM 9

10

11

12

13

14

15

16

17

18

19

4619-4629.

Wan, X.; Xiao, Z. M.; Tian, Y. J.; Chen, M.; Liu, F;
Wang, D.; Liu, Y.; Da Silva Bartolo, P. J.; Yan, C. Z,;
Shi, Y. S.; Zhao, R. R.; Qi, H. J.; Zhou, K. Recent
advances in 4D printing of advanced materials and
structures for functional applications. Adv. Mater., 2024,
36(34), 2312263.

Yu, Z. Y.; Sun, X.; Zhu, Y. L.; Zhou, E.; Cheng, C. F;
Zhu, J. Y.; Yang, P.; Zheng, D. Y.; Zhang, Y. F.; Panahi-
Sarmad, M.; Jiang, F. Direct ink writing 3D printing
elastomeric polyurethane aided by cellulose nanofibrils.
ACS Nano, 2024, 18(41), 28142-28153.

Vadillo, J.; Larraza, l.; Calvo-Correas, T.; Gabilondo,
N.; Derail, C.; Eceiza, A. Design of a waterborne
polyurethane—Urea ink for direct ink writing 3D
printing. Materials, 2021, 14(12), 3287.

Lin, Z. W,; Qiu, X. W,; Cai, Z.; Li, J. L.; Zhao, Y. N.;
Lin, X. P;; Zhang, J. M.; Hu, X. L.; Bai, H. High internal
phase emulsions gel ink for direct-ink-writing 3D
printing of liquid metal. Nat. Commun., 2024, 15, 4806.
Vadillo, J.; Larraza, l.; Calvo-Correas, T.; Gabilondo,
N.; Derail, C.; Eceiza, A. Bioactive inks suitable for
3D printing based on waterborne polyurethane urea,
cellulose nanocrystals and Salvia extract. React. Funct.
Polym., 2022, 175, 105286.

Narukulla, R.; Ojha, U.; Sharma, T. Effect of
NaCl concentration on stability of a polymer—Ag
nanocomposite based Pickering emulsion: validation
via rheological analysis with varying temperature. RSC
Adv., 2020, 10(36), 21545-21560.

Abrahamsen, G. M.; Lequeux, Z. A. B.; Kemp, L.
K.; Wedgeworth, D. N.; Rawlins, J. W.; Newman, J.
K.; Morgan, S. E. Morphology control in waterborne
polyurethane dispersion nanocomposites through
tailored structure, formulation, and processing.
Langmuir, 2025, 41(16), 10383-10393.

Jiang, H.; Sheng, Y. F,; Ngai, T. Pickering emulsions:
Versatility of colloidal particles and recent applications.
Curr. Opin. Colloid Interface Sci., 2020, 49, 1-15.

He, X.; Lu, Q. Y. A review of high internal phase
Pickering emulsions: stabilization, rheology, and 3D
printing application. Adv. Colloid Interface Sci., 2024,
324, 103086.

Qiu, C.; Wang, C. X.; Li, X. J; Sang, S. VY;
McClements, D. J.; Chen, L.; Long, J.; Jiao, A. Q.;
Wang, J. P.; Jin, Z. Y. Preparation of high internal phase
Pickering emulsion gels stabilized by glycyrrhizic acid-
zein composite nanoparticles: gelation mechanism and
3D printing performance. Food Hydrocoll., 2023, 135,

20

21

22

23

24

25

26

27

28

29

30

108128.

Minas, C.; Carnelli, D.; Tervoort, E.; Studart, A. R. 3D
printing of emulsions and foams into hierarchical porous
ceramics. Adv. Mater., 2016, 28(45), 9993-9999.

Bruel, C.; Tavares, J. R.; Carreau, P. J.; Heuzey, M. C.
The structural amphiphilicity of cellulose nanocrystals
characterized from their cohesion parameters.
Carbohydr. Polym., 2019, 205, 184-191.

Liu, Y. X.; Wei, H. X,; Liu, Z. W,; Liu, X. R.; Fang, Y. J;
Jiang, M.; Li, M. J;; Zhou, L. J.; Zhang, J. M. Ultrafast
and energy-saving extraction of cellulose nanocrystals.
Green Chem., 2022, 24(18), 6823-6829.

Liu, Q. L.; Peng, Q. Q.; Ma, C,; Jiang, M.; Zong, L.;
Zhang, J. M. Efficient transition metal dichalcogenides
exfoliation by cellulose nanocrystals for ultrabroad-pH/
temp stable aqueous dispersions and multi-responsive
photonic films. Chem. Eng. J., 2022, 428, 132594.
Saalah, S.; Abdullah, L. C.; Aung, M. M.; Salleh, M. Z;;
Awang Biak, D. R.; Basri, M.; Jusoh, E. R.; Mamat, S.;
Osman Al Edrus, S. S. Chemical and thermo-mechanical
properties of waterborne polyurethane dispersion
derived from jatropha oil. Polymers, 2021, 13(5), 795.
Zhou, X.; Fang, C. Q.; Chen, J.; Li, S. J.; Li, Y.; Lei,
W. Q. Correlation of raw materials and waterborne
polyurethane properties by sequence similarity analysis. J.
Mater. Sci. Technol., 2016, 32(7), 687-694.

Chang, C. W.; Chang, J. P.; Lu, K. T. Synthesis of
linseed oil-based waterborne urethane oil wood coatings.
Polymers, 2018, 10(11), 1235.

Lei, W. Q.; Zhou, X.; Fang, C. Q.; Song, Y. H.; Li, Y.
G. Eco-friendly waterborne polyurethane reinforced
with cellulose nanocrystal from office waste paper by
two different methods. Carbohydr. Polym., 2019, 209,
299-309.

Lin, X.; Hao, M. Y.; Ying, J. Y;; Wang, R. G.; Lu, Y.
L.; Gong, M.; Zhang, L. Q.; Wang, D. R.; Zhang, L.
An insight into the tensile anisotropy of 3D-printed
thermoplastic polyurethane. Addit. Manuf., 2022, 60, 103260.
Huang, X. M.; Peng, S. Q.; Zheng, L. H.; Zhuo, D. X;;
Wu, L. X.; Weng, Z. X. 3D printing of high viscosity
UV-curable resin for highly stretchable and resilient
elastomer. Adv. Mater., 2023, 35(49), 2304430.

Peng, S. Q.; Thirunavukkarasu, N.; Chen, J.; Zheng,
X. X.; Long, C. Z.; Huang, X. M.; Weng, Z. X,
Zheng, L. H.; Wang, H. P;; Peng, X. F; Wu, L. X.
Vat photopolymerization 3D printing of transparent,
mechanically robust, and self-healing polyurethane
elastomers for tailored wearable sensors. Chem. Eng. J.,
2023, 463, 142312.



