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Abstract 

The emergence of three-dimensional (3D) printing promises a diasruption in the design and 

on-demand fabrication of smart structures in applications ranging from functional devices to 

human organs. However, the scale at which 3D printing excels is within macro and micro-

levels, principally lacks the spatial ordering of building blocks at nano-levels, which is vital for 

most multi-functional devices. Herein we employ liquid crystal (LC) inks to bridge the gap 

between the nano and micro-scales in a single-step 3D printing. The LC-ink is prepared from 
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mixtures of liquid crystals of nanocellulose whiskers and large sheets of graphene oxide, which 

offers a highly ordered laminar organization not inherently present in the source materials. 

Liquid crystal mediated 3D printing imparts the fine-tuning required for the design-freedom of 

architecturally layered systems at the nanoscale with intricate patterns within the 3D printed 

constructs. This approach empowered the development of a high-performance humidity sensor 

comprising of self-assembled lamellar organization of NC whiskers. We observed that the NC 

whiskers that are flat and parallel to each other in the laminar organization allow facile mass 

transport through the structure, demonstrating a significant improvement in the sensor 

performance. This work exemplifies how LC-ink, implemented in a 3D printing process, can 

unlock the potential of individual constituents to allow macroscopic printing architectures with 

nanoscopic arrangements.  
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Introduction 

Additive manufacturing (AM), also known as 3D printing, is becoming increasingly 

dominant in advanced materials processing and application. It provides the ability to 

design and prototype geometrically complex structures that integrate new functionalities 
1-4. This technology enables the production of structured functional materials and can 

close the gap between new materials discoveries and manufacturing 5. However, to 

increase the freedom around materials designs, we should control the arrangement of 

building blocks form macro-scale to molecular levels. If this is achieved, 3D printing 

techniques can converge into the nanoscale realm, while the properties of individual 

building blocks can be used with ultimate efficiency. Nevertheless, conventional 3D 

printing inks and approaches such as those using thermoplastic polymers, UV curable 

resins, and metals are not designed to control the distribution of materials at submicron 

levels. To address this challenge, researchers have developed composites inks based on 

nanoscale materials to 3D print structures with improve performance and obtain new 

functionalities 6-9. Similar strategies may allow 3D printing to go beyond the typical z-

resolution (which is conventionally>10s of µm) and control the nanoscale z-slicing 

planarity (called znano here). The same concept can also be similarly applied to xnano-ynano 

planes. Such a multi-scale manufacturing technique can print in microscale in 3D (xµ, 



yµ, zµ) whilst fine-tuning the planar distribution of the building blocks in nanoscale 3D 

domains (xnano, ynano, znano) (Figure. 1).  

Biological systems implement anisotropic molecular building blocks and their remarkable self-

assembling properties to achieve liquid crystal (LC) mediated complex structural arrangements 

and patterns 10-12. Anisotropic nanomaterials (e.g. prisms, rods, cubes, and platelets) can 

also support self-ordering which resembles liquid crystalline behaviour 13. These 

systems are desirable due to the possibility of solution processing of liquid crystals to 

form ordered structures of those nanomaterials 14. To this end, there have been many 

reports harvesting the dynamic conformations controlled by anisotropic building blocks to put 

together nanoscale components to functional microscopic ordered systems adequately. For 

example, LC phases from graphene oxide (GO), carbon nanotube, nanocellulose (NC) 

and MoS2 have been widely used for extrusion-based fabrication processes such as fibre 

spinning 15-20. In 3D printing, direct ink writing has been the most common extrusion-

based additive manufacturing technique used for 3D printing of such colloidal inks and 

liquid crystals 21-23. However, in most cases, to facilitate the printing process, polymers 

and binders have been added to the ink to modify the flow behaviour and provide 

printability 23-25. 

Nevertheless, most liquid crystals are sensitive to changes in the ionic strength of the 

dispersions that can occur due to the additives 26. Therefore, there is a need to stabilize 

the LC phase and facilitate the integration of the liquid crystal mediated systems with 

additive manufacturing. This can result in achieving a new printable LC ink that can 

carry forward the inherent LC order and, at the same time, maintain the properties of the 

constituent materials.  

Inspired by the classical theory of the biaxial nematic phases of micellar systems 27, we 

believe a stabilized LC phase can be formulated via binary mixtures of two uniaxial 

phases of rod-like (1D) and plate-like (2D) liquid crystalline phases. Here, in the case 

of rod-like material, we select nanocellulose whiskers (NC whiskers). Cellulose and its 

industrial wastes can be regenerated as an available natural product known as 

nanocellulose (NC) 28. Although envisaged as a ground-breaking technological material 

for use in biomedical, optical, energy, green composites, and environmental applications 
29-31, NC has yet to live up to its full potential. Due to their anisotropic nature and chirality 
32, 33, NC whiskers can form a chiral nematic liquid crystalline phase at sufficiently high 



concentration. In the case of the second component, a liquid crystalline phase comprising 

super-flexible two-dimensional (2D) ultra-large graphene oxide (GO) sheets (average 

lateral dimensions of 37µm ± 23 µm and thickness of 0.8 nm) 34 is used; to induce an 

additional order parameter coming from these platelets-like particles. Such an all-around 

process of mixing stiff (NC whiskers) and flexible elements with LC medium can impart 

the fine-tuning needed for the design-freedom of architecturally complex systems at the 

sub-micron level. We show that this ink allows intricate patterns and functionality in 

each layer. We show the capability of 3D printing of nano-ordered structures in an 

example by developing an intelligent material for humidity sensing from NC whiskers 

with unequivocal performance outperforming the conventional and state-of-the-art 

sensors. 

Results  

LC-ink formulation 

The geometrical structure of our NC whiskers was analyzed by small-angle X-ray 

scattering (SAXS) experiments. Modelling of low concentration suspensions of NC 

carried out using elliptical cylinders shaped with the following parameters: lengths, axis 

ratios, and minor radia of 47, 7, and 2.1 nm, respectively (Figure S1). These parameters 

are in agreement with the geometrical features of particular NC whiskers produced from 

the hydrolysis of cotton reported in the literature 35.  



 

Figure. 1. The step-by-step illustration of our strategy on the liquid crystal mediated 3D 

printing process. (A) Schematic diagram of ink preparation with LC characteristics. The 

addition of ultra-large GO sheets to LC of NC whiskers modifies the local environment to 

exhibit a percolating active network resembling the biaxial LC phase of rod and plate mixtures 

that are ordered long the shear field. (B) Schematic illustration of 3D printing of nano-ordered 

layered structures (multi-scale 3D printing concept). In a combined top-down and bottom-up 

approach, 3D printing and LC-ink utilized to print at 3D micro-level and 3D nano-level 

orderings. The 3-dimensional coordinates at the microscale (xµ, yµ, zµ) control via the printer 

robotic arm, while the layer-by-layer ordered of the LC-ink fine-tunes the spatial order at the 3-

dimensional nanoscale (xnano, ynano, znano). Each GO sheet represents an xnano-ynano plane. 

Therefore, the controlled glass formation and homogenous intercalation of the NC particles 

between the GO layers, while maintaining the original nematic order is key to engineer the xnano- 

ynano plane. Here, we trigger znano-slicing in ink (by adding GO) while controlling the gel-like 

glass formation by essentially freezing the nematic ordering of NC between the GO sheets in 

each xnano, ynano plane.  

 

Due to the anisotropic nature and chirality of the NC whiskers 32, 33, 36, they support the 

formation of chiral nematic LC phase (helical) in the aqueous media (also see supporting 

section 1). Polarised light optical microscopy (POM) analysis of NC dispersions in 



capillary tubes, filled with suspensions of increasing volume fractions after being 

stationary for a month, reveals the following features. At volume fractions φ< 0.6 vol%, 

the suspensions are isotropic liquids. At 0.6 vol% < φ < 1.5 vol%, the suspensions are 

biphasic with a phase separation between the denser birefringent phase at the bottom 

and the isotropic one at the top. As expected, the proportion of the birefringent phase 

gradually increases with the overall nanocellulose volume fraction until φ > 1.5 %vol, 

where no separation is observed. 

At φ>~3 vol%, the NC suspension forms a gel-like phase, which was used to test the 3D 

printability process. However, because the NC whiskers show a tendency to form 

bundles during casting and the subsequent drying (Figure. 2 A-B), direct ink writing of 

particularly fine structures was not possible (Figure 2 C, φ=3 vol%). However, a further 

increase in the concentration (higher viscosity) could not provide a significant 

printability (Figure. 2 D-E).  Even at φ= ~8 vol% which was the highest concentration 

that we could obtain (via centrifugation), the printed scaffolds were prone to mechanical 

failures and could not support fine structures with a thickness higher than ~few 

millimetres. Moreover, the cross-section of the freeze-dried (Figure 2 F) and air-dried 

(Figure 2 G) printed structure show no evidence of a long-range orientation. It appears 

that the inherent order of the LC phase could not be preserved via the printing process 

and the subsequent drying.  Please note, the difference between the thickness of a typical 

sample that prepared via freeze-drying is at least 10 times greater than an air-dried 

sample.  To further analyze the long-range order of the NC whiskers in each printed 

filament, POM and AFM analysis were employed (Figure 2 G-H, respectively), which 

further confirm the lack of long-range order in the printed samples.  

Subsequently, the printing ink was modified by the addition of a small amount of ultra-

large amphiphilic GO to create the so-called shape amphiphiles (Figure. 3A-B). Here, 

the NC whiskers are stabilized through interactions between the oxygen functional 

groups on top of the GO sheets and sulphate ester groups on the NC whiskers. Even 

trace amounts of ultra-large GO sheets (φGO = 0.018 Vol%) modify the thermodynamic 

and rheological properties of the fluid, potentially forming highly ordered biaxial LC 

phases that are predicted theoretically for mixtures of rods and plates (see supporting 

section 3-4) 27, 37.  



In theory, mixtures of nano-rod-like and nano-plate-like particles support the formation 

of a stable new phase so called biaxial LC phase 38-40. In a biaxial phase, both the rod-

like and the plate-like particles are orientationally ordered, the axis of alignment of the 

rod being perpendicular to that of the plates. If such a phases formed, it should result in 

achieving an efficient separation of individual particles to avoid aggregation and phase 

separation without paying the penalty of losing the LC order in ink, and consequently, 

no failures, defects, bundling and randomization during the printing process. However, 

the challenge still exists as there is no experimental proof of the miscibility and long 

term stability of the mixtures of rods and disks at high rod concentrations as these 

systems tend to phase separate 39-41. The shape incompatibility of rods and disks, which 

is the direct result of large translational entropy in the phase-separated state, plays a 

detrimental role leading to the failure of previous attempts to induce self-organization 

and long-range ordering in most mixed LC systems 39-41. 



 

Figure. 2. Bundle formation and randomization of NC whiskers. (A-B) NC whiskers form 

aggregates and randomly oriented bundles as depicted in TEM and AFM micrographs, respectively. (C 

-E) Photo of as-printed scaffold made from pure NC whiskers at various concentrations of φ=3 Vol %, 

φ=5 Vol % and φ=8 Vol%, respectively. (F-G) SEM micrograph of the cross-section of a freeze-dried 

and air-dried scaffold, respectively. (H) A POM image of printed filament from pure NC whiskers, φ=8 

Vol%. Arrows show the orientation of polariser and analyzer. Inset shows a histogram of orientation 

(HoG descriptor), suggesting no preferential order of the LC domains in the printed tracks. The HOG 

descriptor counts occurrences of gradient orientation in the POM image. (I) AFM micrograph further 

confirming the random distribution of NC whiskers on the surface of the filaments. 



 

Figure. 3. The Structural Evolution of LC phase upon the addition of GO. (A) TEM and (B) AFM 

micrographs of GO-NC binary showing how ultra-large GO sheets (LC GO) can act as a template to 

minimize randomization and bundling of NC whiskers. (C) POM micrographs of samples in capillary 

tubes (arrows show the orientation of polariser and analyzer). Employing NC whiskers on their own 

and mixed with small GO (non-LC GO, the lateral sheet size < 1µm, which is prepared by 1h bath 

sonication of the large sheets) do not result in the orientation of the nematic phase. On the other hand, 

the addition of even trace amounts of ultra-large GO sheets (φGO = 0.018 Vol%, the lateral sheet size > 

10µm,) generates enough excluded volume effect to transform the LC phase to a unidirectionally-

ordered nematic phase. HoG descriptor from the POM images is also presented for these samples. In 

contrast to the NC whiskers, the LC domains of the ultra-large GO sheets added samples show a global 

orientation. (D) Small-angle X-ray scattering (SAXS) diffractions and (E) Lorentz-corrected curves of 



dispersions as a function of GO ratio (φNC +GO = 2 Vol%). The noted GO percentage in each image is 

the volume ratio of GO vs. NC whiskers. 

Interestingly, such phenomena do not occur in our binary LC system (please see section 

6 in the supporting information). The key here is regarding exploiting the self-

orientation in a binary system involving entities from nanometer to micrometre length-

scale with close density while having a large difference in their aspect ratios (~50,000 

for GO vs. ~100 for NC). 

 

Figure. 4. Highly improved printing properties using the binary LC ink. (A) POM images 

of printed tracks from LC-ink (arrows show the orientation of polariser and analyzer). HoG 

descriptors (inset) from the POM images show much improved ordered LC domains in the 

printing path of the LC ink. (B) A picture of a printed grid after the deposition of the first layer. 

After deposition of 10 layers, the dried scaffold was mechanically robust, allowing removing 

from the substrate, as evidenced by micrograph in (C). (D) As-printed 3D scaffolds with 

different shapes, hight and GO content (1% and 5 % GO content). After deposition of 100 layers, 



the hight of ~1 cm was achieved. Please note the addition of even 1% GO (φGO = 0.018 Vol%), 

resulted in much-improved printability. 

 

The birefringence property of NC whiskers, non-LC GO and LC GO added NC whiskers 

in a capillary tube was investigated by employing POM images (Figure. 3 C and also 

see supporting section 5-6 when samples observed from two different viewpoints). It 

appears that LC GO sheets restructure the alignment of the NC whiskers by 

reconfiguring their principle axes perpendicular to the capillary tube. As such, LC GO 

sheets with an aspect ratio much higher than the NC whiskers evolve the random 

distribution of nematic domains into an orderly laminar organization. The improvement 

in the orientation of NC whiskers is also verified using small-angle X-ray scattering 

(SAXS) study (Figure. 3 D-E), as the peak at lower q value becomes stronger, 

highlighting the long-range ordering induced by the addition of LC GO sheets. 

Moreover, as the volume fraction of LC GO increases (constant solid content of φNC +GO 

of 2 Vol%), the peak does not move toward higher q values indicating that the repeating 

distance of particles in the dispersions stays the same, meaning no 

agglomeration/segregation in the system.  

Printing self-ordered structures  

POM analysis was similarly employed to study the sub-structural ordering that occurred 

throughout the printing process (Figure. 4 A, and also see supporting section 5). The as-

printed tracks containing 1% LC GO sheets (from here we refer as GO) demonstrate 

much-improved printability while demonstrating significant orientation in the 

birefringence property. Interestingly, such small amount of GO (φGO = 0.018 Vol%) 

could self-control the LC phase and thus the 3D printability of the NC dispersions 

(Figure. 4 B-D), avoiding excessive use of additive (see also supporting section 7).  



 

Figure. 5. Nano-ordered printed filaments using the binary LC ink. (A-C) SEM analysis of 

the cross-section of a printed filament containing 1% LC GO at different magnifications. (D) 

AFM of the surface of the filament shows the orderly distribution of the NC whiskers on the 

surface (at xnano and ynano plane). 

 

Figure 5 A-C shows cross-sectional SEM images of a typical printed grid (one layer) 

demonstrating the internal structure of each printed filament. The self-rearrangement of 

large GO sheets induces long-range ordering to the ink that was carried over through 

the 3D printing and subsequent drying processes. In other words, the evolution of the 

nematic phase to highly ordered LC-ink allows the control over the layer-by-layer 

organization (lamellar organization) and subsequent distribution of NC whiskers in the 

xnano-ynano planes during the extrusion process (Figure. 5D).  

Upon the phase modification using LC GO, a semi-permanent gel-like phase (network) 

formed 42, 43, that could support the extrusion printing process. It appears that the large 

difference in the aspect ratio of the particles forced the NC whiskers to be trapped in an 

electrostatic cage by the repulsive long-range forces exerted by large sheets of LC GO. 



Furthermore, as the system trapped in metastable kinetic traps and cannot relax toward 

a randomized state, the original nematic order maintained in the final printed sample. In 

the nematic phase, each component can interact with or get feedback from other 

neighbouring components to respond to local environmental stimuli such as shear flow. 

In the LC ink, the configurational entropy and excluded volume effects, due to the large 

anisotropic shape of the constituents, magnifying this effect. However, the non-LC GO 

ink could not generate enough excluded volume to underpin such a gel-like network 

(Figure S6, also see supporting information section2). This could explain why in 3D 

printing of non-LC graphene-based composites a circular orientation of the particles 

parallel to the nozzle wall occurs 44. Similarly, inducing a layer-by-layer order to non-

LC rod shape materials, such as single walled nanotube (SWNTs) dispersions, requires 

much larger quantities of LC GO (minimum 90 vol%) to achieve a percolating network 

and subsequently the layer-by-layer order 14. 

To further corroborate the conjecture of the lamellar organization, we also performed 

top-view and side-view transmission and scanning electron microscope analysis (TEM 

and SEM). Cross-sectional SEM images of a freeze-dried printed paper (GO 1%)  

evidences the layered organization at macro-scale (Figure. 6A-B). Cutting a thin slice 

by employing a focused ion beam (FIB) allowed analyzing the sample at much higher 

magnifications at two different angles (side-view and top-view, Figure. 6C-D, 

respectively). Cross-sectional TEM of the freeze-dried sample confirms the successful 

layered formation at nanoscale (Figure. 6C). Such a sandwich-like layered system 

restricts the randomization of the NC LC phase, dictating a reorganization of NC 

whiskers perpendicular to the main GO director in each layer during the printing 

process. Interestingly, in the top-view image (Figure. 6D) GO sheets are not visible. 

However, the presence of NC whiskers at different foci evidences the layer-by-layer 

organization. This is in contrast to the non-equilibrium glass formation in pure NC 

whiskers, which is hard to control 33.  

Our engineering capacity for glass formation, over altering the amount of GO present 

in the system, is also verified by studying the X-ray powder diffraction (XRD) patterns 

of the printed films (Fig. 6E). The lamellar organization is characterized by the d-

spacing between GO sheets using the XRD patterns. The d-spacing represents the 

interlayer spacing between individual GO sheets in the bulk material that is oriented 



perpendicularly to the diffraction plane. Printed films from pure NC whiskers represent 

two crystalline peaks at 2θ = 15.3o and 2θ = 22.5o (101 and 002, respectively). When 

the LC-ink is employed, the XRD patterns of printed films signify the appearance of a 

d(001) peak at 2θ = 9.1o that gradually shifts towards higher 2θ as the GO content 

increases and reaches to 2θ = 1.18o for the LCGO sample (see also Fig. S16). The 

appearance of the d(001) peak of LCGO and systematic shift toward higher d-spacing 

verifies the controlled glass formation and homogenous intercalation of the NC particles 

between the GO layers. As such, we trigger a hierarchical layer development in the ink 

while controlling the gel-like glass formation by essentially freezing the desired level of 

layer-by-layer ordering and intrinsically limiting the distribution of NC whiskers in 

between the layers.  

 



Figure. 6. Microscopic evaluation of the liquid crystal mediated printed architectures. (A-

B) Cross-sectional SEM images of a typical freeze-dried printed sample (LC GO 1%) at two 

different magnifications, showing the ordering of LC GO-templated NC whiskers along with 

the nematic director (dipole of GO sheets). (C) Additionally, FIB cross-section of the freeze-

dried sample (high magnification) shows the hierarchical layered structure (Znano) due to the 

perpendicular orientation of NC whiskers on the GO sheets. (D). TEM image of the same sample 

at 90o tilt (Top-view). It appears that the NC whiskers are embedded in between the GO sheets, 

as evidenced by the existence of out of focus and in-focus NC whiskers present in the 

micrograph. (E) X-ray powder diffraction (XRD) pattern of the printed structures.  (F) Stress-

strain curves of printed films as a function of GO content. (G) Halpin-Tsai model for composites 

containing ellipsoids was used to evaluate the elastic modulus of final architectures against the 

predictions for unidirectional and random distributions. Interestingly, the addition of even 1% 

GO results in perfect orientation leading to the highest possible elastic modulus for such 

systems. (H) Top-view TEM and AFM images highlighting the nanoscale ordering of printed 

films even after the subsequent solvent evaporation. Addition of even 1% ultra-large GO sheets 

transformed the arrangement of materials to a hierarchical layered structure while distributing 

the NC whiskers at xnano and ynano plane, as evidenced by the high profiles of the AFM images 

(blue lines). The maximum peak to valley of the height patterns increases from 83 nm for pure 

NC whiskers to 33.5 nm, 31 nm, and 13.5 nm as 1 vol%, 5 vol%, and 10 vol% GO is added, 

respectively. Histogram of orientation (HoG descriptor) from the AFM images is also presented 

for each GO fraction. 

 

Controlled distribution of NC whiskers perpendicular to the GO sheets drastically 

improved the mechanical properties without manipulating the molecular structure or 

applying excessive force, as evidenced by the stress-strain curves in Figure. 6F & Table 

S1. We employ Halpin-Tsai equations for random and unidirectional orientation of 

ellipsoids to illustrate the orientation degree in the as-prepared dried samples. 

Interestingly, even the addition of 1% GO (φGO = 0.018 Vol%) to the system results in 

perfect orientation, leading to the attainment of maximum possible elastic modulus 

predicted for such a system (Figure. 6G). Our experimental data agreed well with the 

prediction based on unidirectional dispersion of GO sheets, verifying well-oriented 

layer-by-layer structure with a uniform distribution of materials across each plane, 

particularly for GO content lower than 10%. This implies that by simply modulating the 

concentration of GO in ink, we can fine-tune the layer formation while preventing the 



formation of aggregates, as the NC whiskers are spaced out. The NC whiskers are 

practically trapped in an electrostatic cage by the repulsive long-range forces exerted by 

GO sheets, as also observed for other similar charged colloidal rods 45, 46. As a result, 

the NC whiskers are embedded within the morphological order, leading to programmed 

directionality across the GO plane, otherwise unattainable in pure NC films. In 

particular, in the presence of discoid sheets with a dipole perpendicular to the sheet (in 

essence, GO), different sheets would prefer to order themselves along the dipolar 

direction predominantly. Having stiff NC whiskers in the dispersion, however, leads to 

the breaking of mirror symmetry, transforming the structure into a helical morphology 

within which the local polarisation alternates with the LC director on the znano direction.  

Atomic force microscopy (AFM) investigation of the 3D printed structures (the very top 

xnano- ynano plane) shows the finest layered structure is accomplished in the sample with 

the highest amount of GO (Figure. 6H). This result is in agreement with the XRD data 

that showed a decrease in the d-spacing as the GO fraction increases. Analyzing the 

directionality histograms reveals the highest unidirectionality of NC whiskers is 

achieved in the samples containing up to 5% GO. The improved orientation agrees with 

our synchrotron-based small-angle X-ray scattering measurements, which confirm a 

higher fraction of the oriented LC phase in samples containing higher amounts of GO.  

Nevertheless, higher GO fraction (10 %) seems to strengthens the helical orientation of 

the NC whiskers. This might be due to higher viscosity (see the next section) of the ink 

containing a higher fraction of GO (10% vs. 5%) that prevents them from being oriented 

toward the shear field and maintain the original helical orientation. This resulted in the 

architecture to become degenerated to handedness consisting of right- and left-handed 

helix. Increasing the amount of GO puts the sheets in a long row along the dipole, giving 

us the ability to control and fine-tune the ordering at the nanoscale. 

Rheological investigation 

A critical aspect of successful integration of the LC order into the 3D printed structure 

is the rheological properties of the ink 47. To study the dynamics of the as-prepared inks 

and investigate the ease at which our LC-ink can flow, shape, and maintain the intrinsic 

order as stiffen into the desired form, we performed rheological studies. The low 

viscosity of the ink results in the formation of satellite droplets. The satellite parts of the 



drop, which usually go unnoticed, contribute to unaccounted errors and lower 

printability 48, 49. Moreover, low viscosity often causes the ink to spread on the surface, 

leading to low resolution and, consequently, difficulty at printing continuous lines. Low 

viscosity can also lead to the leakage of the liquid out of the nozzle. 

 

Figure. 7. Rheological investigation sheds light on the flow behaviour and the ability of our 

inks to maintain their intrinsic orientation after printing (φsolid= 1.8 vol% for all samples). In 

contrast to NC whiskers, which show a negligible zero shear viscosity, even the addition of 

small amounts of GO (φGO = 0.018 vol%) resulted in a significant increase in viscosity (A). This 

value is even higher than the onset of graphene oxide viscoelastic gels (50 vs. 3.8 Pa.s), 

suggesting easy printing of the as-prepared binary systems. (B) comparison of the viscosity vs. 

shear rate of the NC dispersion with a typical composite (5 vol% GO/NC) showing the first two 

complete ascending-descending flow curves in logarithmic scale (arrows represent the direction 

of flow curve measurement). Inset, a schematic illustration of the shear-induced orientation 

process. (C) Storage (G') and loss moduli (G") as a function of strain (C, frequency of 0.1 Hz) 

and frequency (D, the strain of 0.1). This is characterized by a weak non-universal exponent (a 

slow increase of storage modulus upon increasing the frequency), as depicted in (D). This 

suggests the formation of a robust ink at all timescales.  

 



Therefore, the ink should exhibit sufficiently high viscosity while maintaining low 

surface tension to prevent droplet agglomeration while at the same time allowing for 

near-complete wetting of the surface. Graphene and graphene oxide can serve as 

processing aids in this regard 50, 51. While the addition of GO results in the dynamic 

arrest 52 of the NC whiskers, GO, as an amphiphilic material 53, can reduce the surface 

tension substantially improving the printability 51. 

The zero shear viscosity of the NC dispersion was measured to be 1.6 Pa.s while the 

addition of 0.018, 0.09 and 0.18 vol.% GO (corresponding to 1.28, 2.7 and 3.5 Pa.s ) to 

the NC dispersion resulted in a sharp increase to 50 Pa.s, 81 Pa.s and 162 Pa.s, 

respectively (Figure. 7A). The viscosity of composite dispersions is within the 

previously suggested range for GO-based 3D printing inks 51. Such a strong synergistic 

effect can be attributed to the existence of a collective response of the components due to 

the self-rearrangement of GO sheets in the direction of the force field. 

The sudden increase in the viscosity also suggests the formation of a network system 

resembling the rheological behaviour of soft glassy materials or cells 54. Moreover, the 

flow curves of the composite dispersions showed yield values (the lowest shear stress 

necessary to produce viscous flow), typical behaviour of non-Newtonian fluids 55. We 

previously showed that finite yield stress in the GO dispersions, containing ultra-large 

sheets, could occur at very low volume fractions of approximately Ø > 2.2 × 10−4 56. 

Please note, this partial volume fraction of GO is too low (φGO = 0.018 Vol%) to produce 

a viscous flow. Over the application of shear, the shear force is transferred from large 

GO sheets to small NC whiskers resulting in a collective viscous response. As the 

fraction of GO increases, so does the order of the layered LC phase, much more efficient 

propagation of the shear force within the network results in much higher viscosities. 

To further illustrate the collective response of the components, a set of flow tests performed 

when the shear rate increased from 0.01 s-1 to 10 s-1 then slowed back down to 0.01 s-1. The 

corresponding ascending and descending curves presented in Figure. 7B. In both samples, 

the viscosity on the ascending curve did not match that of the descending curve. 

Interestingly, in the case of NC whiskers, the viscosity increased as opposed to the 

ascending curve. This increase in the viscosity is due to tumbling, randomization, 

agglomeration or bundling of NC whiskers that results in increased jamming among the 

particles. On the other hand, when the dispersion containing GO is subject to the shear 



field, the network of NC whiskers that is sandwiched between the ordered GO sheets 

flow more easily. This confirms that a shear-induced orientation takes place when they are 

subject to shear stress 42, 56-58. This behaviour suggests the possibility of a network 

structure, which is the direct result of the dynamic association of the NC whiskers in 

between the GO sheets, guiding the flow behaviour and is consistent with the 

observation of yield stress at zero shear.  

The rheological modification can be further verified upon performing strain sweep at 

low frequencies on the binary inks Figure. 7C. The strain sweep was performed at low 

frequencies as not to disturb the internal structure, keeping the as-formed system intact 

and undisturbed. At small strains, the system experiences the overall dominance of G' 

over G" (G' being around one order of magnitude higher than G"), implying the gelation 

of the layered structure as a result of network formation, resembling a viscoelastic soft 

solid. This quality indicates that there is enough time for the NC whiskers to re-orient 

themselves corresponding to a gel-like glassy state. However, this behaviour, in fact, 

different from the kinetic arrest observed in the case of rod shape materials such as 

single-walled carbon nanotubes 59, which prevents them from the formation of the LC 

phase or aggregation over the extrusion process.  

Figure. 7 D shows the frequency sweep in a constant strain. In contrast to the NC 

whiskers sample, the storage modulus was dominant in the composite sample. This 

suggests that upon the phase modification, a semi-permanent gel-like phase (network) 

formed. Quite interestingly, even at very short timescales, no cross-over point could be 

observed, suggesting the robustness of the as-prepared gel phase. Therefore, the printed 

structure that is finally obtained after drying, in principle, resembles the structure before 

drying, allowing us to maintain the original LC order at the nanoscale in the final as-

dried printed 3D microarchitecture. 

Printed relative humidity sensors 

Using the developed method, we can print unlimited lengths and various shapes of 3D 

constructs without losing the original order. This allows manufacturing of high-

performance functional devices in which controlling the spacing and orientation within 

the nanoscale is of utmost importance, such as relative humidity (RH) sensors 60, 61. As 

a proof of concept, we employed the liquid crystal mediated printing to fabricate RH 



sensors constituting self-assembled lamellar organization of NC whiskers. The NC 

whiskers were printed as the active RH sensing material on quartz crystal microbalance 

(QCM) transducers (Figure. 8 A). The printing strategy was a very powerful tool for us 

to deliver a controlled amount of highly ordered LC-ink that was not possible by hand 

drop-casting.  

 

Figure. 8. Humidity sensor production. (A) A representative image of a liquid crystal 

mediated 3D printed mesh on top of the QCM electrode to fabricate the humidity sensor. (B) 

The humidity uptake test where the sensors were exposed to 20 different concentrations of 

humidity ranging from 0.6 to 23 %RH at 27°C. (C) Repeatability performance of the humidity 

sensors at a fixed humidity of 13 %RH. (D) Selectivity test of the NC- based HR sensors toward 

humidity in the presence of various industrial relevant gas species. The dynamic response of the 

QCM electrode is not affected as a result of the contaminant gases. 

 

The pure NC whiskers-based humidity sensor revealed a relatively weak dynamic 

response (sensitivity). In contrast, the sensor with a programmed directionality of the 

active materials showed a significantly higher sensitivity (420 Hz/% RH) with excellent 

reproducibility (Figure. 8 B-C). Please note, even though, GO (a hydrophilic material) 



can similarly contribute to the absorption of the moisture, the most significant 

improvement in the performance was observed by the addition of 1% GO. The 

sensitivity of the sensor is over one order of magnitude better than the highest ever 

reported sensitivities of similar systems, such as 28.7 Hz/% RH for the copper metal-

organic framework and 66.5 Hz/% RH for pure GO as the sensitive layer 60, 62. Such a 

high sensitivity results in an exceptionally large signal-to-noise ratio (~2200 Hz/Hz), 

thus allowing for trace levels of humidity to be detected. The sensor displayed an 

extremely low limit of detection (LOD) of 1 ppm absolute humidity, a level that has 

never been reported to date. This LOD is at least one order of magnitude superior to the 

best-performing materials reported in the literature, including and not limited to 2D 

MXenes, gold, graphene, and copper 63.  

 

Although the hydrophilic functional groups on the surface of NC whiskers provide a 

high potential to adsorb water molecules, the densely packed NC film does not support 

an easy moisture uptake. Conversely, the NC whiskers that are flat and parallel to each 

other in the laminar organization allow facile mass transport through the structure. This 

effect can be further demonstrated by calculating the sorption rate constant kads of the 

first-order water transfer reaction 64. The kads increases from 0.0136 s-1 to 0.0316 s-1 

when the NC self-assemble from randomly agglomerated whiskers to the laminar 

organization. This superb performance is attributed to the much higher available surface 

area when numerous channels are created in each printed layer. 

The NC sensor was also found to possess excellent selectivity, which puts it at the 

forefront of the best-performing humidity sensors reported in the literature (Figure. 8D). 

The sensors’ detection range is shown to be from trace levels to up to >20% RH with 

unparalleled accuracy and selectivity. As such, we fabricated ultra-responsive humidity 

sensors with intricate geometries from the feedstock in one single step that outperforms 

any commodity or advanced materials in terms of performance. Therefore, the 3D 

printed RH sensor developed here is one of the first devices of its kind to exhibit all of 

the required traits of a good humidity sensor namely, production cost, sensitivity, 

repeatability, response time, wide concentration detection range and selectivity 

performances. The device can, therefore, have a wide range of applications and be safely 

used in monitoring the environment, human/animal respiration, food quality, indoor air 



quality, chemical industry processing, and trace moisture in high-purity gases in the 

semiconductor industry. 

Conclusions 

Here by exploring anisotropic properties of one-dimensional stiff NC whiskers and 

super-flexible two-dimensional giant GO building blocks, we created a 3D printable ink 

that was used for demonstrating the conceptual multi-scale printing process. The process 

combined the shaping freedom of additive manufacturing with nano-level ordering. The 

introduced directed self-assembly approach appeared to be an empowering tool to 

exploit the nano-assembly within 3D printing of mechanically robust architectures. 

Because large GO sheets can support similar LC phases in a wide range of organic 

solvents14, 3D printing of layer-by-layer 3D structures containing ordered nanomaterials 

that are not processable in water is also possible. The ease of synthesis, much shorter 

processing time and high scalability of this route offer facile fabrication of 3D 

frameworks with valuable properties.  

These architectures are suitable for industrial applications, as demonstrated for the HR 

sensor. That is the merger of an already established application in which a deep 

fundamental understanding exists with an up-and-coming technology that enables the 

scale-up of complex structures to develop and discover innovative processes and 

systems.  This methodology can be adopted for many more applications such as 

electrocatalysis, supercapacitors and batteries that require scaffolding with 3D 

conductive substrates, fine-tuning micro and macropore channels, configuring 

hierarchical structures, aligning the internal constructions via a self-assembly process to 

optimize the electrochemical properties of the active materials in the final device. 

With this development, NCs has been shown as both reinforcing filler in green 

composites and also as the main building block with many remarkable characteristics. 

This modification leads to true freedom of design in conventional direct ink writing 

methods. Hence, this route can serve as a source for the development and growth of 

sustainable and green multi-scale printing strategies.  

Materials and Methods 



GO was synthesized with a method described previously 65. Briefly, natural graphite 

powder (1 g) and sulphuric acid (200 mL) were mixed and stirred in a flask for one h. 

Then KMnO4 (10 g) was added to the mixture and stirred for one day. The mixture 

transferred into an ice bath, and Milli-Q (200 mL) water was added slowly before H2O2 

(50 mL) poured into the mixture. Having stirred for another 30 min, the GO particles 

then washed and centrifuged three times with HCl solution (9:1 water/HCl by volume), 

then centrifuged again and washed with Milli-Q water until the pH of the solution 

became about 4-5. Nanocellulose was synthesized with a method described previously 
66. Bleached softwood kraft pulp was used as the cellulose material. Ten grams of dried 

pulp was treated with 100 ml of 65% (w/w) H2SO4 at 70°C for 10 min with continuous 

stirring. The sample was then repeatedly washed with centrifugation (1600g, at 10°C 

for 5 min). When the pH of the sample reached 1–3, the fine particle component did not 

sediment, and the supernatant became turbid. The turbid supernatant was collected and 

thoroughly dialyzed against distilled water. The suspension was finally sonicated with 

a rod-type sonicator for 1 min.  

In the case of the mixtures, 120 samples were prepared following the table S2. All the 

mixtures and 60 other samples of GO (0.0125 mg/ml up to 15 mg/ml) and NC (1 mg/ml 

to 17 mg/ml) were prepared and tested for Small-angle X-ray scattering (SAXS) beamline 

at the Australian Synchrotron, Clayton, Australia. Samples were loaded into 1.5 mm 

individual glass capillaries and sealed with beeswax to prevent water absorption or solvent 

loss. Specimens were housed in a 48-sample capillary holder, with the temperature-

controlled using a Huber recirculating water bath. Scattering patterns were acquired for all 

samples at 25 °C. Utilizing a camera length of 7m, the obtained SAXS q range was from 

0.0015 to 0.2 Å−1. The contribution from an empty capillary and water was subtracted from 

the scattering profiles. The 2D patterns were converted to the SAXS spectra and were 

modelled using SasView software (http://www.sasview.org/). 

Rheological properties of various concentrations of GO dispersion were investigated 

using a TA rheometer (AR G2). A cone-plate geometry (60 mm, 2o) was used to perform 

experiments. Different volume ratios of NC/GO were mixed thoroughly and then 

allowed to rest overnight before each rheological test. After loading the rheometer with 

samples (2.1 ml) with various NC/GO ratio, samples were allowed to rest in the final 

position for another 4 hrs at the experimental temperature (25o C), to eliminate any 

http://www.sasview.org/


viscoelastic history. No prestressing condition was applied to prevent ordering in the 

samples. A solvent trap filled with distilled water was used to avoid samples of losing 

water throughout long experiments. Zero shear viscosity measured at a very low shear 

rate of 0.01 s-1 to avoid the dispersion produce any shear stress. The relaxation dynamics 

of the dispersions were studied by measuring the storage modulus, and loss modulus of 

the dispersions with various NC/GO concentration as a function of frequency at a 

constant strain amplitude of 0.01. This strain amplitude was chosen to prevent samples 

of going under large deformations. In the preliminary shear experiments, it was shown 

that strains larger than 0.01 could result in a structural change. Consequently, the larger 

deformations could mask the relaxation behaviour of the dispersions. The zero-shear 

viscosity was measured using a simple shear experiment in which shear rate was ramped 

from 10-2 s -1 up to 10 s-1 then ramped back to 10-2 s -1.  

3D printing experiments were carried out using a Hyrel 3D printer (Engine High 

Resolution), USA. The extrusion rate of the materials was controlled depending on the 

needle and material concentration. Printing parameters used were as follow: speed: 15 

mm/sec to 100 mm/s, nozzle: 32 gage, φNC=1.8 vol%, φGO = 0.018 vol%, GO 1 vol% vs NC. 

The morphology and cross-section of printed structures were imaged by a Nova Nano 

SEM 450 and high-resolution TEM (Phillips CM200, Amsterdam, 

Netherlands).  Directionality histograms were computed using Fiji, ImageJ. FIB sample 

processing was performed on a Scios Dual Beam Thermo Fisher FEI FIB/SEM. Sections 

were cut from a one-layer printed film on a SI wafer substrate. A cross-sectional cut was 

made into the surface to reveal the cross-section of the layered GO-NC material. A 7nA 

Ga+ ion current was used for the initial cross-sectional cut then the exposed cross-

section was ion beam polished using a 100 pA current. 

The quartz crystal microbalance (QCM) devices were fabricated according to our 

recently reported process 60. Briefly, the QCMs used had an oscillation frequency of 

~10 MHz. The QCM had Ti electrodes (Ø = 4.5 mm and 300 nm thickness), which were 

deposited via e-beam evaporation on each side of the quartz substrate. The deposited 

mass of NC whiskers-based materials was determined using the QCM data from an 

Agilent E5100A network. The process involved NC whiskers dispersions from different 

mixes being 3D printed onto the QCM device and dried at room temperature. The centre 

frequency changes of the QCMs were monitored using a Research Quartz Crystal 



Microbalance (RQCM, Maxtek) frequency counter, which had a frequency resolution 

of ±0.03 Hz. 

The humidity uptake measurements were performed at a constant operating temperature 

of 27°C and a total gas flow rate of 200 mL/min throughout the experiments. A multi-

channel gas delivery system with computer-controlled mass flow controllers (MKS 

Instruments, Inc. USA) was used to deliver the gas to the sensor chamber. The different 

humidity levels (0.6 to 23% RH) were controlled through a V-Gen (from InstruQuest) 

humidity generator. The humidity sensing experiments involved exposing the sensors 

to humidity/nitrogen atmospheres for 15minutes / 15 minutes sequences. Each 15/15 

min exposure/recovery sequence is referred to as a “pulse”. The selectivity and 

repeatability experiments were performed with a 13%RH level at 27°C. Selectivity tests 

involved the exposure to ammonia (NH3), acetaldehyde (C2H4O), nitric oxide (NO), 

carbon dioxide (CO2) and oxygen (O2) with/without the presence of humidity (13%RH 

level at 27°C).  

The sorption rate constant kads was calculated by the first-order water transfer reaction 

following equation 164. 

𝑙𝑙𝑙𝑙 � 𝑀𝑀∞−𝑀𝑀0
𝑀𝑀∞−𝑀𝑀(𝑡𝑡)

� = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡                                           (1) 

 

Where M∞ is the final mass change of the NC whiskers film, M0 is the mass change of 

the film at the initial time (0 g) upon exposure to RH 13% condition, and M(t) is the 

absorbed mass of H2O at time t.  
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