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ABSTRACT 

New ink compositions for direct ink writing (DIW) printing of hydrogels, combining the superior 

rheological properties of cellulose nanocrystals (CNC) and a novel water-compatible 

photoinitiator, are presented. Rapid fixation was achieved by photopolymerization induced 

immediately after printing of each layer by 365 nm light for 5 s, which overcame the common 

height limitation in DIW printing of hydrogels, and enabled the fabrication of objects with a high-

aspect ratio. CNC imparted a unique rheological behavior, which manifested by orders of 

magnitude difference in viscosity between low and high shear rates, and in rapid high-shear 

recovery, without compromising ink printability. Compared to the literature, the presented printing 

compositions enable the use of low photoinitiator concentrations under the shortest curing time 

and are also curable by 405nm, which is favorable for maintaining viability in bio-inks. 

Keywords: 3D printing; nanocellulose; hydrogel; water-compatible photoinitiator 
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INTRODUCTION  

3D printing, also known as additive manufacturing, has become an important fabrication 

technology during the past decade, and is already implemented in a variety of fields, such as 

automotives 1, aerospace 2, dentistry 3, soft robotics 4, and even pharmaceutics.5 In particular, 3D 

bioprinting, which addresses current challenges in medicine, such as bone scaffold and even 

printed heart mimics composed of hydrogels, is an emerging and continuously evolving field.6–8 

The most common 3D bioprinting technology for printing hydrogel is based on extrusion, also 

known as direct ink writing (DIW), which forms objects by extruding successive layers of 

materials, layer after layer, along a predesigned pathway. Other hydrogel-based printing 

techniques such as vat photopolymerization,9 and material jetting systems,10 yield high resolution 

far beyond that needed for biological purposes. In addition, when using these techniques, the cell 

composition of the tissue/organ and the bioinks are currently a major obstacle due to clogging of 

nozzles by the cells or the lack of vat multi-material printing technology. Therefore, despite of the 

limited resolution of extrusion-based printing as compared to vat polymerization and material 

jetting, it is plausible that it will remain as the preferred technology for bioprinting clinically 

relevant constructs.11 

3D printing through extrusion-based technologies requires (1) sufficient ink viscosity to 

maintain it in the extruder, (2) ink flow, achieved by applying pressure during the extrusion, (3) 

shape fidelity, achieved by retaining high viscosity upon contact with the printer platform, and (4) 

rapid fixation to prevent the collapse of the printed structure.  

Shape fidelity in DIW is very challenging, due to conflicting ink specifications, which are 

governed by ink rheology properties that tackle gravity and surface energy. When the printed 

material does not undergo a rapid fixation process, the printed object can slump after exceeding a 
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 4 

certain height due to gravity, a height that is determined by the rheological ink properties. For 

example, for 45 wt% Boehmite suspension, slumping occurs already at a height of 5 mm.12 To 

obtain greater heights, the ink yield stress must be increased, however, this interferes with the 

printability of the ink. Alternatively, high objects can be fabricated by inducing an immediate 

increase in viscosity of the printed structure during the printing process via a photopolymerization 

reaction, as performed in inkjet printing by the Polyjet technology.13 Inkjet printing requires inks 

with very low viscosities, which are not suitable for printing high-viscosity polymer solutions. 

DIW combined with UV photopolymerization, has been used to print hydrogels composed of 

gelatin methacryloyl.14,15 The printing compositions contained the photoinitiator (PI) Irgacure 

2959, which is water-soluble, but has very low absorption in the wavelengths which are relevant 

to current 3D printers (365-405nm).16 Thus, to achieve rapid and efficient photopolymerization, 

there is a need for a water-soluble PI that absorbs well at the relevant wavelengths. Therefore, here 

we utilize our recently reported water-compatible PI 2,4,6-trimethylbenzoyl-diphenylphosphine 

oxide (TPO), which by itself is not soluble in water. TPO is suitable for photopolymerization at 

405 nm, which is favorable for bioprinting and cell viability. Rapid fixation to obtain high-aspect 

ratio objects can not be achieved by photopolymerization alone due to time-lapse between the 

point of extrusion and the point at which the ink meets the light irradiation. Therefore, we used a 

dual-fixation mechanism, based on both polymerization and rheology. The latter can be achieved 

using cellulose nanocrystals (CNCs) which is a biocompatible material that had shown to be 

favorable for DIW.17,18 

CNCs are nanometric rod particles, which originate from cellulose hydrolysis mainly by sulfuric 

acid.19,20 CNC integration in photopolymerizable hydrogels was mainly achieved by its chemical 

or physical entrapment within a hydrated polymer network.21 Chemical modification of CNC by 
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 5 

polymerizable groups, such as acrylates and methacrylates, may impair its water dispersibility and 

therefore, the water medium should be replaced by solvents.22,23 poly(N,N-dimethacrylamide) 

(PDMA) hydrogels were reinforced by acrylated CNCs dispersed in water in the presence of 2,2’-

diethoxyacetophenone (Irgacure 2959), the most common water-soluble PI at that time. However, 

the polymerization reaction required 50 min, which is a too long time for rapid fixation in DIW 

processes.24 

A previous work on physical entrapment of CNCs demonstrated hydrogel fabrication in molds 

with inks containing CNC with various monomers. 2,2-diethoxyacetophenone was used as a 

photo-initiator, in a photo-polymerization process that was carried out for 1 hour.25 Later, the same 

group used different PIs and UV polymerized the ink for 3 hours.26 Zhang et al. used DMSO as 

the liquid medium for DIW, and Irgacure 2959, applied UV irradiation for 10 min.27 Frost et al. 

used lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a water-soluble PI for DIW 

printing and reported on polymerization within 60 s in UV post-curing chamber.28 There are also 

some reports on the application of inks containing CNC in vat printing processes, in which the 

photopolymerization is faster than in DIW but occurs within a thinner layer of ink, in the micron-

size range.29–31  

Figure 1 summarizes the literature data regarding the photopolymerization-based fabrication of 

3D hydrogel objects including CNC, emphasizing the long duration required to achieve 

photopolymerization of hydrogels and the high concentration of PI that is needed; due to the high 

water content in typical hydrogels, their reactivity is usually low, thus requiring light exposure 

times that are too long for practical purposes. 
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(A) (B) 

Figure 1. Summary of photocurable hydrogels. PI concentration based on (A) One-time 

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

supporting information Table S1-2.14,15,22–63  

Here, we present new hydrogel compositions for DIW printing, which utilizes the unique 

pseudoplastic behavior of CNC, combined with rapid fixation of the printed objects by 

photopolymerization. The developed formulations composed of CNC and water-compatible PIs 

enable the unprecedented reduction of exposure times, down to approximately 5 s, which results 

in the most rapid buildup rate (Fig 1). By using the proposed ink compositions, hydrogels with 

high-aspect ratio, excellent shape fidelity, and superior mechanical properties can be achieved in 

a rapid printing process.  

MATERIALS AND METHODS 

Materials. Cellulose nanocrystal (CNC) dispersions were obtained from Celluforce Inc., 

Montreal, Canada (freeze-dry, LOT #2015-009). Acrylic acid (AA), isopropanol (IPA) and Brij 

58 were purchased from Sigma-Aldrich. Polyethyleneglycol diacrylate (PEGDA) (SR610) was 

obtained from SARTOMER. 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO) PI was 

obtained from IGM. 
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 7 

Water-compatible PI. A water-compatible powder composed of 5 wt% 2,4,6-trimethylbenzoyl-

diphenylphosphine oxide (TPO) PI and 95 wt% Brij58 was prepared based on previous 

publications.37,54 Upon addition 1 wt% to water or the hydrogel ink composition, it forms a clear 

solution.  

Ink preparation . A 10 wt% dispersion of CNC in TDW was prepared by sonication (Vibra-

Cell, Sonics & Materials) (750W, 15 min, pulses of 2 s on, 1 s pause)  in an ice water bath to 

prevent overheating. The obtained dispersion was mixed with the other materials as indicated in 

Table 1, using a planetary mixer for 5 min, and was defoamed for 2 min (AR-100, THINKY Co. 

Ltd, Japan). The final ink compositions were kept in a 10 mL disposable syringe without exposure 

to light. 

 

Rheology. Rheology measurements were performed at room temperature (20 °C) using a 

HaakeRheostress 6000 Rheometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled with 

an RS6000 temperature controller (lower plate - TMP 350, upper plate - P35TiL, gap - 0.5 mm). 

All experiments started at a constant low shear rate (�̇� = 0.01
1

𝑠
, t=100s, T=20 °C) to reach the set 

temperature and to achieve a defined shear history before the actual experiment. Then, for the 

viscosity-shear rate curves, the shear rate was ramped up from �̇� = 0.01
1

𝑠
 to �̇� = 100

1

𝑠
  at t=100 

Table 1. Inks compositions 

 0%CNC 1.2%CNC 2.4%CNC 3.6%CNC 5.8%CNC 

10%CNC [g] 0 5 10 15 23.2 

AA [g] 17.3 16.85 16.4 15.95 15.2 

TDW [g] 23.2 18.2 13.2 8.2 0 

PEGDA [g] 0.9 0.88 0.86 0.83 0.8 

TPO-Brij [g] 0.9 0.88 0.86 0.83 0.8 
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 8 

s. For thixotropic measurements, the shear was ramped up from γ ̇=0.01 1/s to γ ̇=100 1/s, then 

held at a maximum shear rate (�̇� = 100
1

𝑠
) for 30 s, and then ramped down to 0.1

1

𝑠
. For shear 

recovery measurements, a constant shear rate of �̇� = 0.1
1

𝑠
 was applied for 100s, followed by a 

high shear rate of �̇� = 100
1

𝑠
 for 30 s, and then a low shear rate �̇� = 0.1

1

𝑠
  for another 100s. An 

oscillation amplitude sweep was performed at frequencies 1 Hz and 10 Hz, over a stress range of 

1 𝑃𝑎 ≤ 𝜏 ≤ 100 𝑃𝑎. An oscillation frequency sweep was performed at 10 Pa Hz, over a frequency 

range of 0.01 𝐻𝑧 ≤ 𝑓 ≤ 100 𝐻𝑧. 

Photorheology. Photorheolgical measurements were performed at 25°C using an Anton PAAR 

Modular Compact Rheometer (Physica MCR 302) in parallel-plate mode, using a quartz bottom 

plate. A Hamamatsu LC8 lamp with a UV-light source (25 mWcm-2) was placed under the bottom 

plate. Experiments were performed in flow mode, by setting the gap between the two glass plates 

to 0.3 mm. A constant shear rate of 𝛾˙=0.1 s-1 was imposed and the UV irradiation was started after 

60 s to allow the system to stabilize. Viscosity change was monitored as a function of irradiation 

time. 

Mechanical testing. Hydrogel objects for the evaluation of mechanical properties were 

fabricated in molds by exposing to 395 nm light (32V, 8A, Integration technology LTD, Oxon, 

UK) for 15 s. Unconfined mechanical tests of cylindrical objects were performed on fully swollen 

samples (over 72 h), using an Instron universal testing machine (Model 3345, Instron Corp., 

Norwood, MA, USA) equipped with a 500 N load cell and operated at 5 mm/min. Five replicate 

specimens were tested under ambient conditions. Young’s modulus was calculated up to 15% 

strain, by linear least-squares regression (Scipy.stats.linregress). 

3D printing. Hydrogels were 3D-printed using a Hyrel3D 30M printer (Hyrel International, 

Inc., Norcross, GA, USA) equipped with an SDS-10 extruder mounted with 365 nm LED. A 10 
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 9 

mL disposable syringe with a 16-gauge conical tip (1.29 mm) was used throughout the printing 

process unless indicated otherwise. G-code files were prepared via 3D Slic3r software (Ver. 1.2.9, 

slic3r.org). The printing rate was set to 5 mm/s, the layer height was set to 0.8 mm, and the light 

irradiation (365 nm or 405 nm) was applied for 5s for each printed layer. 

Statistical analysis. All errors indicate 95% confidence interval (CI) and had been calculated 

by: 

𝐶𝐼 =
𝑓(𝑡)∙𝜎

√𝑁
, 

where N is the sample size, 𝑓(𝑡) is the value of the Student’s t-distribution for a specific 

probability (0.95) and 𝑁 − 1 degrees of freedom, and 𝜎 is the standard deviation. 

RESULTS AND DISCUSSION 

Our printing approach is based on combining the pseudoplastic behavior of the ink with rapid 

fixation of the printed layer. The CNC, which controls the rheological properties of the tested ink, 

enables obtaining a yield stress value that is sufficient for temporary fixation of a layer printed by 

extrusion. After each layer is formed, it is exposed to UV light, to initiate photopolymerization, 

which rapidly fixates the permanent shape of the layer. To achieve this, water-based UV-curable 

inks for DIW, composed of the monomers AA and PEGDA, and TPO as the PI, were prepared. As 

TPO is insoluble in water, we used our developed water-compatible TPO composition, with Brij-

58, a nonionic surfactant.37 Since the viscosity of this photocurable ink is not suitable for DIW 

printing, we supplemented it with dispersed CNC to tailor the rheological properties.  

Five concentrations of CNC nanoparticles were prepared while maintaining the same 

concentration of solids in the ink (Table 1). Inks without CNC failed to print objects, as shown as 

a puddle, in Figure 2A. Additionally, objects printed with CNC-containing ink, but only exposed 

to UV irradiation after the objects were printed, failed to maintain their weight and shape beyond 

Page 9 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 10 

a very small number of layers as seen in structure slumping (Figure 2B). The combination of CNC 

and UV curing during printing enabled the printing of objects with multiple highly stable layers 

(Figure 2C).  

 

Figure 2. DIW-printed objects (A) with 0% CNC and UV-cured during printing (B) 

with 2.4% CNC and UV-cured after printing; the object is composed of 14 printed 

layers. (C) A cylindrical object printed with 2.4% CNC and UV-cured during printing. 

The object contains 32 printed layers.  

Rheology. Rheology measurements were performed to examine ink behavior during the 

different steps of the printing process. First, flow curve experiments were performed, to determine 

how viscosity varies with shear rates. Sufficiently high viscosity at a low shear rate is crucial to 

avoid ink drippage from the syringe during non-printing steps, whereas when stress is applied by 

the syringe piston, viscosity must decrease rapidly to enable extrusion. As shown in Figure 3, 

Page 10 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 11 

shear-thinning occurred only in samples that contained CNC. In addition, the viscosity increased 

as CNC concentrations increased, while shear-thinning behavior was preserved.  

 

Figure 3. Viscosity as a function of shear rate for different CNC wt% hydrogel inks 

before exposure to UV light, plotted on a double logarithmic scale. 

In addition to shear-thinning properties, inks used in extrusion-based 3D printers must be 

thixotropic, which enables them to return to their more viscous state, both in the syringe while not 

printing, and in the printed object, after being extruded. Thixotropy was evaluated by measuring 

viscosity at three stages: (1) when ramping up shear rate from �̇� = 0.1
1

𝑠
 to �̇� = 100

1

𝑠
 , which 

causes a breakdown of ink structure, seen by the decrease in viscosity, (2) when holding a 

maximum shear rate for 30 s, and (3) when ramping down the shear rate to �̇� = 0.1
1

𝑠
 while the 

viscosity recovers by reforming the initial network within the ink. Figure 4A presents the 
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 12 

thixotropy behavior of CNC-containing inks. The thixotropy index, calculated from the area of the 

hysteresis loop from structure breakdown to recovery, represents the energy consumption of this 

process (Figure 4B). All inks containing CNC exhibited thixotropic behavior.  

  

(A) (B) 

Figure 4. Thixotropy measurement (A) Thixotropy viscosity hysteresis loop (B) 

Thixotropy index. Light-shaded markers represent actual measurement, dark-shaded 

markers represent average, and error bars indicate 95% CI. 

Shear recovery experiments were performed to evaluate the rheology time dependence of the 

inks after extrusion. To correlate these measurements with the actual printing shear rate, the 

maximum shear rate (MSR) was evaluated. MSR of the printer setup was found to be between 75 

1/s and 300 1/s, depending on the calculation, which takes into account the rheology dependence 

on CNC concentration (see supporting information section S2). 

In this experiment (Figure 5), a constant low shear rate (𝛾˙=0.1 1/s, T=20 °C) was applied for 

100 s, followed by a constant high shear rate (𝛾˙=100 1/s T=20 °C) for 30 s, simulating the shear 

rates which are applied from the syringe piston. Then, the shear rate was decreased again (𝛾˙=0.1 

1/s, T=20 °C) and the recovery of the viscosity was measured and compared to the initial viscosity. 

For all inks tested, a mean 5 s were required to recover 50% of the viscosity, after applying a shear 
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 13 

rate of 100 1
𝑠⁄ . Moreover, it was noted that the higher the CNC concentration, the longer it took 

to reach a steady viscosity. The highest recovery (70.36%) was obtained with the ink containing 

2.4% CNC, and was reached within 15 s. 

 

 

Figure 5. Shear recovery measurements at 100 1
𝑠⁄  shear rate. % recovery achieved is 

indicated shown to the right of each curve. 

Mechanical properties of objects in mold. The mechanical properties of hydrogel objects 

fabricated, in molds, from inks containing various CNCs concentrations, were evaluated by 

unconfined compression tests (raw data is presented in Figure S2). As shown in Figure 6B, the 

Young’s modulus increased with increasing CNC concentrations, with the best precision obtained 

for the 2.4% ink. The same trend was observed for the stress-at-break evaluations, which increased 

three-fold for ink ranging from 0% to 2.4% CNC wt%, without impacting precision (Figure 6D). 
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At higher CNC concentrations, the stress at break continued to increase, but the precision began 

to decrease. Interestingly, CNC concentration did not affect strain-to-break (Figure 6C). 

 
 

(A) (B) 

  

(C) (D) 

Figure 6. Unconfined compression test of hydrogels integrating various concentrations of 

CNC. (A) Image of hydrogel during the test. (B) Young’s modulus. (C) Strain to break. 

(D) Stress to break. Light-shaded markers represent actual measurements, dark-shaded 

markers represent averages, and error bars indicate 95% CI. 

Photorheology. Beyond yield stress, hydrogel inks change their structure from a "solid-like" to 

a "liquid-like" state (Error! Reference source not found.-4). While printing, the weight of the 

upper layers exert stress, which can cause the printed object to collapse, thereby limiting the height 
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 15 

of printed objects. For example, ink with 2.4% CNC, deforms at 50 Pa and, therefore, the maximal 

achievable height would be 0.5 cm, assuming 𝜌 = 1000
𝑘𝑔

𝑚3.12 In practice, the height will be even 

lower due to the impact of capillary forces. To overcome the height limitation, it is necessary to 

polymerize the hydrogel before the printing process reaches its yield-stress-dictated height 

limitation. Photorheology experiments provide a good tool to detect the transition from a “liquid-

like” to a “solid-like” state via photopolymerization.  Therefore, UV photopolymerization was 

induced to rapidly introduce covalent and permanent crosslinks in the hydrogel, which increases 

ink rheology temporary fixation yield stress and can withstand the addition of more printed layers.  

Based on the observed rheological and mechanical properties, the ink containing 2.4% CNC was 

selected for photorheological assessment. The photorheology measurements showed that this ink 

achieves sufficient viscosity that enabled structure fixation within several seconds, and required 

approximately 20 s of irradiation to obtain a fully polymerized hydrogel (Figure 7). It should be 

noted that the same final viscosity was observed for CNC-free ink, its initial viscosity was too low 

for printing by DIW. 
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Figure 7. Photorheology characterization of water-soluble PI photopolymerization 

kinetics for 0 and 2.4 % CNC inks. Vertical dashed line indicate the time point at which 

the light was turned on. 

3D Printing. To demonstrate the importance of rapid UV curing, 2.4% CNC ink was UV-

irradiated during printing or after the entire object was printed (Figure S5-6). Figure 8A shows 

printed cylinders subjected to UV irradiation (5 s) after each layer was printed. A gradual increase 

in height with a good fixation of the cylinder was achieved, with no seeing limitation to the final 

object height. In contrast, when UV irradiation was only applied after the entire cylinder was 

printed, the lower part (from layer #4 and on) of the cylinder expanded, indicating the collapse of 

the object (Figure 8B). When reaching layer #14, the supposed-to-be cylinder object slumped and 

the printing had to be terminated.  
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Figure 8. 2.4% CNC DIW-printed cylindrical objects photographed at two-layer 

intervals during the printing process, with rapid UV curing performed (A) after 

deposition of each layer or (B) after the entire object was printed. The printed layers are 

indicated at the bottom of each image. 

The cylinders presented in Figure 8 were printed with a 1.29 mm nozzle diameter, to achieve 

large heights in a short time. The same inks can be printed using much smaller nozzle diameters, 

which provide enhanced resolution. Figure S8 shows a series of lines printed using the same ink, 

but through a series of nozzles of decreasing diameters. 

These experiments were performed using 365 nm UV light, which might be problematic for 

biomedical applications, due to the negative effect of short-wavelength radiation on cell viability. 

To test the curating effectiveness of visible light, these same printing experiments were repeated 

with 405 nm irradiation. As shown in Figure S7 and Figure 9A, the same degree of fixation was 

achieved, without compromising the printing speed or resolution.  
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(A) (B)  

Figure 9. DIW hydrogel structures printed with rapid photopolymerization. (A) A 

honeycomb-shaped object cured with 405nm irradiation. (B) A chess pawn cured with 

365nm light. 

CONCLUSIONS 

Acrylic acid-based hydrogels reinforced with CNC were 3D printed and photopolymerized by 

using a water-compatible PI. The CNC imparted a unique rheological behavior, which manifested 

by orders of magnitude different behaviors at low versus high shear rates, and fast and high shear 

recovery, without compromising ink printability. Rapid photopolymerization performed 

immediately after printing each layer overcame the common height limit of DIW printing of 

hydrogels, and enabled the fabrication of objects with a high-aspect ratio. The presented approach 

enabled the shortest irradiation time under extremely low concentrations of PI, including possible 

curing by 405 nm light, which is important for maintaining viability in bio-inks.   
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