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Complex-Shaped Cellulose Composites Made by Wet 
Densification of 3D Printed Scaffolds

Michael K. Hausmann, Gilberto Siqueira,* Rafael Libanori,* Dimitri Kokkinis, 
Antonia Neels, Tanja Zimmermann, and André R. Studart*

Cellulose is an attractive material resource for the fabrication of sustain-
able functional products, but its processing into structures with complex 
architecture and high cellulose content remains challenging. Such limitation 
has prevented cellulose-based synthetic materials from reaching the level 
of structural control and mechanical properties observed in their biological 
counterparts, such as wood and plant tissues. To address this issue, a 
simple approach is reported to manufacture complex-shaped cellulose-based 
composites, in which the shaping capabilities of 3D printing technologies 
are combined with a wet densification process that increases the concentra-
tion of cellulose in the final printed material. Densification is achieved by 
exchanging the liquid of the wet printed material with a poor solvent mixture 
that induces attractive interactions between cellulose particles. The effect of 
the solvent mixture on the final cellulose concentration is rationalized using 
solubility parameters that quantify the attractive interparticle interactions. 
Using X-ray diffraction analysis and mechanical tests, 3D printed composites 
obtained through this process are shown to exhibit highly aligned microstruc-
tures and mechanical properties significantly higher than those obtained by 
earlier additively manufactured cellulose-based materials. These features 
enable the fabrication of cellulose-rich synthetic structures that more closely 
resemble the exquisite designs found in biological materials grown by plants 
in nature.
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1. Introduction

Cellulose offers a sustainable natural 
resource for the manufacturing of a 
broad variety of materials in the form of 
thin films,[1] emulsion stabilizers,[2] mem-
branes or foams for waste water man-
agement,[3,4] food packaging and food 
additives,[5] and reinforcements for com-
posites.[6,7] Whereas the extensive research 
on cellulose has made available a wide 
range of cellulose-based building blocks 
for many applications, current manufac-
turing technologies do not allow yet for 
full exploitation of their potential. This is 
evident by comparing the relatively simple 
structure of synthetic cellulose-based 
materials with the hierarchical architec-
ture of biological materials made pre-
dominantly from cellulose, such as wood. 
Further advancements in manufacturing 
technologies are crucial to enable har-
nessing the potential of cellulose as a sus-
tainable material resource for the future.

The wide availability of 3D printing 
technologies has recently given new 
impulse on the search for manufacturing 
approaches that offer greater control 
over the shape and structure of synthetic 

materials.[8–11] Using stereolithographic, inkjet, and laser- or 
extrusion-based processes, 3D printing provides shaping 
capabilities thus far inaccessible by other manufacturing pro-
cesses.[12–15] The control over the macroscopic shape inherent 
of these additive technologies have been combined with dif-
ferent approaches to structure the printed material at smaller 
length scales below the resolution of the printer. This is pos-
sible by designing inks or resins with building blocks that can 
assemble into controlled structures during or after printing. 
The assembly process can be directed by external forces, using 
for example light, magnetic fields, acoustic waves, or shear 
forces imposed by an extrusion nozzle.[16–19] In recent exam-
ples, 3D printing of inks programmed to undergo directed 
assembly has allowed for the creation of self-shaping compos-
ites inspired by the morphology of seedpods and flowers.[20,21] 
Alternatively, polymer objects with reinforcement architectures 
that resemble the hierarchical structure of wood have been 
3D printed using self-assembling liquid crystalline building 
blocks.[22]
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Although the shear-induced assembly of cellulose fibrils 
and nanocrystals in extrusion-based 3D printing has already 
been demonstrated,[23–25] the concentration of cellulose that 
can be added to the inks remains very limited, typically below 
6.6 vol% for unmodified cellulose nanocrystals (CNCs) dis-
persed in a polymer matrix and 1.3–2.6 vol% for cellulose 
nanofibers (CNFs) dispersed in water.[26–31] Such diluted con-
ditions are appropriate for the inkjet printing of cellulose 
micropatterns on flat substrates[13] or the stereolithographic 
printing of liquid resins into CNC-laden complex geo-
metries,[14,32] but is not sufficient to create 3D objects with 
high cellulose content. 3D printed objects with high mechan-
ical properties and volume fraction of cellulose acetate  
(35 wt%) have been recently reported, but the absence of filler 
particles in this system prevents the design of more elaborate 
bioinspired cellulose architectures.[33] Other recent works 
have shown that inks with up to 30–40 wt% CNC can be 
printed into complex-shaped scaffolds and composites.[24,34] 
However, these very high CNC concentrations lead to drying 
issues at the printing nozzle and to very high viscosity and 
yield stress levels that prevent the flow-induced alignment 
of cellulose nanocrystals at reasonable applied pressures.[8,35] 
By contrast, the volume fraction of cellulose in biological 
materials like wood can reach levels as high as 40–50 wt%.[7] 
Due to the low volume fraction achieved with current manu-
facturing processes, 3D printed objects cannot fully benefit 
from the attractive mechanical and functional properties of 
cellulose-based building blocks. Moreover, the use of cellu-
lose as a sustainable material resource can only be fully jus-
tified if its concentration reaches a significant level in final 
cellulose-based products. This challenge becomes even more 
critical in view of the anisotropic nature of cellulose fibrils 
and nanocrystals, which reduces the maximum volume frac-
tion of particles that can be used before the ink becomes too 
viscous.

Here, we report a simple approach to manufacture complex-
shaped 3D printed polymer composites with volume fraction 
of nanocelluloses (CNC and CNF) that can be varied from 
about 13 vol% up to a thus far inaccessible level of 27.35 vol%. 
In this approach, the interactions between nanocellulose par-
ticles suspended in water are first tuned to achieve the rheo-
logical properties required for extrusion-based printing of 
distortion-free structures. After the printing process, the struc-
ture is densified by inducing attractive interactions between 
the cellulose nanoparticles upon exchange of water by a poor 
solvent. To illustrate this simple processing route and identify 
the parameters controlling the wet densification process, we 
study the effect of different solvent mixtures on the volume 
fraction of nanocelluloses in 3D printed objects. Next, X-ray 
diffraction experiments are performed to quantify the level 
of alignment of the cellulose nanoparticles after the printing 
and solvent exchange processes. The impact of the wet den-
sification process on the mechanical properties of composites 
produced using this route is then investigated and compared 
to those of other cellulose-based 3D printed materials. Finally, 
the shaping freedom enabled by additive manufacturing is 
combined with the wet densification process to manufacture 
3D printed demonstrators with unique geometrical complexity 
and load-bearing capacity.

2. Results and Discussion

2.1. Manufacturing of Complex-Shaped Composites

The manufacturing of complex-shaped composites with high 
nanocellulose concentrations is demonstrated using two main 
steps: a) 3D printing of a cellulose scaffold with highly aligned 
microstructure and b) wet densification of the printed scaffold 
through a solvent exchange process (Figure 1). The printing 
step requires the formulation of nanocellulose-based inks dis-
playing rheological properties suitable for the direct ink writing 
(DIW) process. Previous works have shown that shear-thinning  
behavior, suficient yield stress, a finite elastic modulus and 
fast elastic recovery are key rheological properties for the  
3D printing of distortion-free structures by DIW.[23,24] These 
properties can be potentially achieved if the ink contains par-
ticles that form a percolating attractive network under rest. 
Because the main goal was to maximize the cellulose concen-
tration in the final printed scaffold, our ink was designed to 
contain the highest possible CNC content while still ensuring 
a shear-thinning behavior and sufficiently low viscosity for 
extrusion under moderate applied pressures. Shear thinning 
is favored in such inks due to the alignment of the CNC par-
ticles during the extrusion process (Figure 1A). In addition to 
this high CNC content, a small fraction of cellulose nanofibers 
(CNFs) was added to the formulation to increase the yield stress, 
storage modulus and elastic recovery of the ink (Section S1 and  
Figure S1, Supporting Information). Due to its very high 
aspect ratio in the order of 200, CNFs favor the formation of 
the desired percolating network of particles.[7] Based on these 
considerations, a final ink containing 20 wt% CNC and 1 wt% 
CNF suspended in water was used for 3D printing of cellu-
lose scaffolds. At this solid fraction of CNCs, the fast drying 
issues typically observed in highly concentrated inks are cir-
cumvented[24,34] and the viscosity and yield stress of the ink 
are sufficiently low to enable the partial alignment of cellulose 
nanocrystals during extrusion.

2.2. Densification Process

Cellulose scaffolds were densified in a subsequent step by 
immersing the printed object into a solvent bath of selected 
composition (Figure 1B). Densification is achieved when the 
liquid in the bath is a poor solvent for the cellulose particles, 
leading to the development of attractive interparticle interac-
tions (Section S2 and Figure S2, Supporting Information). 
Under such conditions, the average distance between the 
particles within the printed object reduces, leading to mac-
roscopic shrinkage and densification. To assess the quality of 
the solvent with respect to the nanocellulose particles, we use 
Hansen solubility parameters previously reported in the litera-
ture (Figure 1C; Table S2, Supporting Information). According 
to Hansen, the total solubility parameter of a liquid (δT) is 
determined by three contributions: i) the hydrogen bonding 
component (δH), the polar component (δP), and the dispersive 
component (δD).[36,37] Overall, a poor solvent is expected to 
exhibit Hansen solubility parameters that differ significantly 
from those of the suspended particles. Earlier work[38–42] has 
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shown that the range of solubility parameters for acid-hydro-
lyzed nanocellulose particles matches well the δH, δD, and δP 
values of water, which explains the good dispersibility of the 
as-hydrolyzed CNC/CNF particles in aqueous medium. To 
achieve the desired poor solvent condition required for scaf-
fold densification, water-miscible solvents such as ethanol, 
acetone, and acetonitrile can be added to the initial aqueous 
phase (Figure 1C; Section S3 and Figures S3–S6, Supporting 
Information).

We investigate the effect of the solvent composition on the 
densification process by systematically changing the solubility 
parameters of the liquid mixture relative to that of cellulose. 
Our experiments indicate that the scaffold densifies con-
tinuously when immersed in an aqueous solution containing 
increasing concentrations of ethanol, acetone or acetonitrile in 
water (Figure 2A). Taking mixtures of water and ethanol as an 
example, we observe a change in solid volume fraction from 
3.67 to 24.5 vol%, as the fraction of ethanol is increased from 
65.5 to 100 vol%. This trend is in agreement with the qualita-
tive description of the effect of solvents with distinct solubility 
parameters on the densification of cellulose-based membranes 
produced through spinning processes.[43] Based on these data, 
it is possible to define an area in a solubility diagram that leads 
to dispersion or densification of the cellulose scaffold (green 
area in Figure 1C).

2.3. Cohesive Energy Density

To gain a better quantitative understanding of the physical pro-
cesses that control the wet densification process, our results 
were interpreted in terms of the cohesive energy density (CED) 
of cellulose compared to that of the different solvent mixtures. 

The CED corresponds to the increase in internal energy per 
unit volume of a substance if all intermolecular forces are 
removed.[44–47] This parameter is therefore an indicator of 
the energy gained through attractive intermolecular interac-
tions within a substance and can be determined from the total 
Hansen solubility parameters as follows:

CED T
2

P
2

D
2

H
2δ δ δ δ= = + +  (1)

where δH, δP, and δD represent, respectively, the hydrogen 
bonding, and the polar and the dispersive contributions to the 
total solubility parameter.

For our CNC suspensions, liquid mixtures with CED values 
comparable to those of the suspended particles tend to be good 
solvents since the replacement of particle–particle interactions 
by particle–liquid interactions does not lead to a major net 
change in internal energy. By contrast, a mismatch between the 
CED values of the particles and of the liquid mixture will result 
in separation into particle-rich and liquid-rich phases. Because 
the estimated CED of hydrolyzed cellulose is comparable to that 
of water but higher than that of pure ethanol, acetone and ace-
tonitrile (Figure 2B), the addition of these non-aqueous solvents 
into the liquid mixture will favor attractive interactions between 
the cellulose nanoparticles. Following this rationale, we take the 
mismatch in CED between particles and liquid mixture as an 
estimate of the reduction in internal energy of the wet scaffold 
achieved upon solvent exchange. This net change in CED can 
be physically interpreted as an internal stress that pulls parti-
cles together as a result of the increased attractive interactions 
between cellulose molecules. Taking such internal stress as 
the driving force of the wet densification process, one should 
expect the final relative density of the cellulose scaffolds to be 
proportional to the net change in CED after solvent exchange.

Adv. Funct. Mater. 2020, 30, 1904127

Figure 1. Illustration of the 3D printing and wet densification processes used to produce complex-shaped objects with high cellulose concentration.  
A) The alignment of cellulose nanofibers (CNF) and nanocrystals (CNC) during the flow of the ink within the extrusion nozzle. The insets show electron 
microscopy images of CNFs (top) and CNCs (bottom) obtained from diluted suspensions. Scale bar: 2 µm and 100 nm, respectively. B) Wet densifica-
tion process induced by solvent exchange, followed by polymerization of infiltrated monomers initially present in the solvent bath. C) Ternary diagram 
indicating the relative weight of the solubility parameters of the solvent mixtures used for wet densification. The solubility parameters are presented 
in terms of relative fractions of hydrogen bonding interactions (fH), dispersion forces (fD), and polar interactions (fP). The colors indicate the solvent 
mixtures that lead to swelling/dispersion, no dimensional changes, and wet densification of the printed objects.
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Indeed, our experimental data show that the solid content in 
the printed nanocellulose objects increase logarithmically with 
the net change in CED (Figure 2B). The obtained trend resem-
bles the compaction behavior of powders in pressing operations, 
where a logarithmic dependence is also found between the  
relative density of the powder and the pressure applied onto the 
compact.[48,49] Such analogy supports our physical interpreta-
tion that internal stresses induced by molecular interactions are 
at the origin of the wet densification process.

While the logarithmic dependence on the net CED change 
is observed for all the tested solvents, a stronger densifica-
tion effect is achieved with ethanol and acetonitrile. To shed 
light on the possible causes of this difference, our physical 
picture of the densification process is complemented by a 
chemical description of the underlying molecular interactions 
(Figure 2B). From a chemical viewpoint, the development of 
internal stresses results from the replacement of the highly 
polar and hydrogen-bonding –OH groups from the water 
molecules by solvent molecular moieties that display weaker 
interactions with the –OH groups present on the surface of the 
cellulose particles. Because of their enhanced polar nature and 
hydrogen-bonding capability, the –OH groups of water mole-
cules interact more strongly with the cellulose surface, pre-
venting the hydroxyl groups of CNCs/CNFs from establishing 
attractive molecular interactions between neighbor particles. 
This screening effect of the water molecules is attenuated by 

replacing them with (excess) solvent molecules containing 
less polar and hydrogen-bonding functional groups. The less 
interacting solvent molecules are eventually displaced by direct 
attractive interactions between the –OH groups on the cellulose 
surface, leading to the observed densification phenomenon. 
According to this interpretation, the excess of solvent molecules 
needed to remove water molecules from the cellulose surface 
will depend on their polar character and hydrogen-bonding 
ability. Based on the Hansen solubility parameters, we note that 
ethanol and acetonitrile show either polar or hydrogen-bonding 
values that come close to those of water (Section S3, Supporting 
Information). As a result, these two solvents can easily replace 
H2O molecules from the cellulose surface and thus induce den-
sification. By contrast, the polar and hydrogen-bonding Hansen 
parameters of acetone are both significantly lower compared to 
water. Consequently, a far greater excess of acetone is needed 
to remove water molecules from the cellulose surface and pro-
mote attractive interparticle interactions. Since the CED net 
change resulting from the solvent exchange with acetone still 
predicts densification to be more thermodynamically stable, 
we expect the shielding effect imposed by the water molecules 
to be only a kinetic constraint that can be overcome if enough 
time is provided for the densification process.

Besides the solvent quality, a cross-linker ion such as Ca2+ can 
also be used to increase the solid content of the printed cellu-
lose object when the concentration of poor solvent (e.g. ethanol)  

Adv. Funct. Mater. 2020, 30, 1904127

Figure 2. Solids content of cellulose scaffolds obtained via wet densification using solvent mixtures of different compositions. A) Solid content of the 
scaffold as a function of the concentration of acetonitrile, ethanol (EtOH) and acetone used in the aqueous solvent mixtures. B) Dependence of the 
solid content on the net change in CED induced by the solvent exchange process. The lines were obtained by fitting the data with a logarithmic func-
tion. C) Effect of the relative fraction between Ca-containing water (4 wt% CaCl2) and ethanol on the solid content of scaffolds immersed in water/
ethanol (EtOH) solutions. D) Comparison of the solids content achieved using water/EtOH solutions in the presence or the absence of 4 wt% CaCl2.
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in the mixture is kept low. Due to their opposite charges, the 
Ca2+ ions and the hydrolyzed cellulose nanoparticles establish 
attractive electrostatic interactions that decrease the distance 
between nanocellulose particles, thus increasing the solid frac-
tion of the object. To illustrate this effect, we evaluated the 
density of cellulose objects after introducing them in an immer-
sion bath comprising a water–ethanol mixture with different 
concentrations of Ca2+-containing aqueous phase. Cross-linking 
with Ca2+ leads to the formation of a percolating network of 
CNC/CNF particles that remains cohesive and gelled even in 
the absence of the poor solvent (ethanol). A CNC/CNF object 
immersed in an ethanol-free aqueous solution with 4 wt% 
CaCl2 shows a solid content of 15.7 vol%, which is slightly 
higher than the initial CNC/CNF concentration of 14.6 vol% 
present in the initial ink. By contrast, immersion in a Ca-free 
aqueous solution without ethanol leads to complete disintegra-
tion of the object (Figure S5, Supporting Information). The 
cross-linking effect of Ca2+ can be combined with the solvent-
induced densification effect through the addition of ethanol to 
the Ca2+-containing aqueous solution used as immersion bath 
(Figure 2C). For ethanol concentrations higher than 70.4 vol% 
in the Ca2+-containing bath, the solid fraction reaches values 
comparable to those obtained using Ca-free water–ethanol mix-
tures. At this point, the relative density of the object becomes 
dominated by the quality of the solvent (Figure 2C,D).

2.4. Composite and Mechanical Properties

3D printed nanocellulose objects subjected to wet densification 
can be further processed into composites containing very high 
concentrations of cellulose. Composites are generated here 
by introducing a polymer phase between the CNC/CNF parti-
cles using two different routes: supercritical drying of the wet 
printed material followed by infiltration of monomers or infil-
tration of the printed materials with a monomer in the wet state 
(Section S4 and Figures S7–S9 and S13, Supporting Informa-
tion). The wet infiltration route is illustrated here as a means 
to obtain large nanocellulose-based composites without the 
need of costly equipment, which drastically simplifies the pro-
cess as compared to the impregnation of supercritically dried 
scaffolds (Sections S2 and S4, Supporting Information). Advan-
tages and limitations of these and other manufacturing routes 
used throughout this study are listed in Table S1 (Supporting 
Information). In this process, a mixture of monomer, cross-
linker and photoinitiator is dissolved into the solvent bath used 
for the wet densification procedure. The presence of these com-
ponents does not affect the wet densification step. As observed 
with the monomer-free mixtures, solvent exchange leads to a 
linear shrinkage of 40% relative to the initial printed dimen-
sions. Because of its lower vapor pressure compared to eth-
anol, the monomer infiltrates the nanocellulose object during 
evaporation of the solvent. Following this approach, composites 
with nanocellulose concentrations of 27.35 vol% were gener-
ated by polymerizing the infiltrated monomer using UV light. 
The infiltration of the CNC/CNF scaffolds with the monomer 
enhances significantly the cohesion between filaments by 
forming a single continuous phase throughout the printed 
object (Figures S4–S8, Supporting Information). Additionally, 

our experiments showed that the solvent exchange process can 
be carried without undesired shape distortion effects if the wall 
thickness of the 3D printed objects is smaller than approxi-
mately 5 mm. 3D scaffolds with thicker walls would require the 
use of solvents with a smaller CED mismatch to prevent differ-
ential shrinkage and distortion of the wall. For wall thicknesses 
equal or below 5 mm, we experimentally observed that the sol-
vent exchange process takes less than 30 min. It is important 
to note that the shrinkage associated with the wet densification 
process should also be taken into account when designing the 
dimensions of the 3D printed object. Very recent work on cel-
lulose-based structures subjected to solvent-induced shrinkage 
has shown that a compensation factor can be introduced in 
the design model to reach 3D objects with predictable final 
dimensions.[50]

In addition to the high concentration of cellulose, 3D printing 
followed by wet densification also allows one to preserve the 
alignment of cellulose nanocrystals and nanofibers resulting 
from the DIW process and thus obtain 3D objects with delib-
erate CNC orientations. This feature enables the manufacturing 
of objects with aligned architectures inspired by wood and 
other biological materials (Figure 3A,B; see Sections S5–S7 in 
the Supporting Information). To explore this technology for the 
fabrication of bioinspired architectures it is crucial to quantify 
the level of alignment achieved during the 3D printing process 
and after infiltration of the densified scaffolds with monomers to 
generate the CNC-based composites. We quantified the level of 
nano cellulose alignment in single filaments and printed objects 
before and after infiltration using 2D wide-angle X-ray diffraction 
(Figure 3C–F). Printed objects were manufactured by depositing 
filaments next to each other so as to form a film, the height of 
which was twice the filament diameter. The X-ray data obtained 
for single filaments and printed objects show the expected 
strong alignment of the CNC/CNF particles along the printing 
direction. This is indicated by the two intensity peaks detected 
in the azimuthal X-ray scans (Figure 3C–F; Figures S10–S12  
and Table S3, Supporting Information). The degree of align-
ment obtained in this study is comparable to that obtained in 
previous work using direct ink writing.[24] The high nanocellu-
lose particle orientation shown by the diffraction measurements 
was confirmed by scanning electron microscopy (SEM). Our 
SEM images show that the aligned CNC/CNF particles form a 
very dense microstructure that resembles the fibrillated archi-
tecture of the thickest and supporting cell wall layer S2 present 
in the secondary walls of plant cells.[51] Infiltration of the nano-
cellulose filaments and printed films with the monomer result 
in less intense diffraction peaks, but does not alter the highly  
aligned nature of the structure (Figure 3C–F; Sections S5 and S6,  
Supporting Information). Because the chosen polymer phase 
exhibits similar refractive index to the cellulose nanoparticles, 
composites with remarkable optical transparency are obtained 
after infiltration and polymerization of the cellulose-based 
printed films (Figure 3G; Sections S7 and S8, Supporting Infor-
mation). The high transparency achieved also results from the 
high chemical affinity between the monomer and the nanocellu-
loses, which is essential to promote wetting of the particles and 
prevent the formation of air pockets in the infiltrated structures.

Control over the alignment of CNCs/CNFs and the forma-
tion of strong interfaces between filaments and the polymer 

Adv. Funct. Mater. 2020, 30, 1904127
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matrix enables the fabrication of semitransparent cellulose-
based 3D printed composites with tunable anisotropic mechan-
ical properties (Figure 4; Figure S15, Supporting Information). 
To quantify the reinforcing effect of the CNC/CNF particles 
and the anisotropic properties of the resulting composites, we 
performed tensile and three-point bending tests in specimens 
exhibiting different particle orientations (Figure 4; Figures S16  
and S17, Supporting Information). Composite samples were 
compared to the non-reinforced polymer matrix alone (cel-
lulose-free) and to specimens obtained by simply drying the 

CNC/CNF scaffolds in air. The mechanical results indicate 
that the polymer matrix is very soft and weak, with elastic 
modulus and tensile strength values of 1.6 and 7 MPa, respec-
tively. Remarkably, the incorporation of 27.35 vol% of nanocel-
lulose particles in this polymer matrix enhances the modulus 
and strength of the material by several orders of magnitude 
(Figure 4A–C). As expected, this is accompanied by a significant 
reduction of the ductility of the material. The major reinforcing 
effect imparted by the nanocellulose results from their high 
concentration in the composite and their intrinsically high 

Adv. Funct. Mater. 2020, 30, 1904127

Figure 3. Structural characterization of cellulose-based filaments and printed objects before and after infiltration with a polymer matrix. A) 3D printed 
composite fabricated through the wet densification approach (scale bar: 1 cm), highlighting in the cross-section shown in (B) the good filament adhe-
sion within the object. Scale bars: 200 µm in (B) and 10 µm in the inset of (B). The white arrow in (B) indicates one printed line. C) 2D-WAXS profiles 
of pure matrix, single scaffold filament and infiltrated scaffold filament. D) SEM image of single filament before infiltration showing high degree of 
alignment along the printing direction (white arrow). Scale bar: 200 nm. The inset shows the location of the imaged area within the filament (scale 
bar: 10 µm). E) 2D-WAXS profiles of two printed layers before (scaffold) and after infiltration with the polymer matrix (composite). F) SEM view of 
the two layer printed scaffold (scale bar: 400 nm). G) Optical transparency of pure polymer matrix, 3D printed dry scaffolds, and composite films with 
one and two layers.
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mechanical properties. Surprisingly, the CNC-based printed 
scaffolds alone show quite high mechanical properties, compa-
rable to wood, even before infiltration and polymerization of the 
monomer (Figure 4A–C), which suggests that the wet densifica-
tion process drastically increases the density of hydrogen bonds 
between cellulose particles in the printed object. Comparison 
of the mechanical properties of the composite with those of the 
pure nanocellulose specimen reveals that the concentration of 
CNC/CNF used in the composite is sufficient to harness the 
high modulus and strength of the cellulose particles alone 
while keeping some of the ductility associated with the polymer 
matrix (Figure 4A–C; Section S9, Supporting Information).

Flexural tests were conducted to study the effect of nano-
cellulose alignment and inter-filament adhesion on the 
mechanical properties of the composites. To this end, samples 
displaying different filament orientations with respect to the 
applied bending stresses were tested in a three-point bending 
setup (Figure 4D–F). The results show that composites with 
nanocellulose particles aligned parallel to the applied stresses 
(longitudinal configuration) reach a flexural modulus of 
7.9 GPa, which is two-fold higher than that obtained when the 
specimens are tested in the perpendicular direction (transversal 
configuration). Despite the higher elastic modulus achieved in 
the longitudinal configuration, the strength of the composite 
was found to reach a comparable value of 40 MPa irrespective 
of the CNC alignment direction. The high flexural modulus 
and strength of composites tested transversely reflect the high 
adhesion between printed filaments and indicate that the nano-
cellulose particles are able to reinforce the polymer matrix even 

when aligned perpendicular to the main stress direction. With 
the high concentration of CNC/CNF particles achieved through 
the wet densification process, the reinforcement effect achieved 
is significantly stronger than that observed in cellulose-based 
3D printed composites previously reported in the literature 
(Figure 4D–F; Section S9, Supporting Information).[24,34] The 
mechanical properties of the composites are expected to be fur-
ther improved if the CNC particles are combined with stronger 
polymer matrices. Taking for example cellulose acetate as 
polymer matrix, it should be possible to generate strong and 
stiff 3D printed objects featuring complex shapes and an all-
cellulose hierarchical architecture.[33,52]

The high cellulose concentration and mechanical properties 
demonstrated using simple filaments and films were eventually 
translated to more complex 3D geometries by taking advantage 
of the intrinsic shaping freedom of extrusion-based 3D printed 
technologies. We demonstrate the geometrical design freedom 
accessible with our nanocellulose-based inks by first printing a 
complex-shaped jar exhibiting overhangs and asymmetric fea-
tures (Figure 5A–D). After printing, the jar was subjected to wet 
densification, followed by wet monomer infiltration and light-
induced polymerization. Notably, the fine geometrical features 
remain undistorted during the wet densification step, in spite of 
the large linear shrinkage of approximately 40% that occurs in 
this process. This high shrinkage led to a remarkable cellulose 
concentration of 27.35 vol% in the final composite. A hollow 
truncated cone and a honeycomb design were also 3D printed, 
as examples of lightweight structures that can be manufactured 
with our process. To illustrate the high stiffness and strength 

Adv. Funct. Mater. 2020, 30, 1904127

Figure 4. Mechanical performance of 3D printed composites obtained through the wet densification approach in tensile A–C) and flexural  
D–F) modes. A) Representative stress–strain curves obtained under tension for the matrix, 3D printed dry scaffold, and composite. B) Elastic modulus, 
C) strength at 0.6% deformation and maximum strength of the matrix, 3D printed dry scaffold, and composite. D) Representative stress–strain curves 
of the matrix and 3D printed composites in flexural mode. E) Flexural modulus and F) strength of the matrix and of composites tested in the longitudinal 
and transversal directions.
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of the final printed objects, we fabricated a hook that can bear  
a load that is 737 times higher than its own weight without signifi-
cant extension or rupture (Figure 5A).The mechanical proper-
ties can be further controlled by infiltrating the printed scaffolds 
with different polymer matrices (Section S10 and Figure S18,  
Supporting Information).

2.5. A Versatile Approach

While a high concentration of nanocellulose particles is 
required to print stiff and load-bearing structures, the use of 
inks with lower cellulose contents that can be cross-linked with 
Ca2+ ions and swollen in water offer the possibility to produce 
soft hydrogels exhibiting tailored macroscopic geometries and 

mechanical response. This was demonstrated by immersing 
an as-printed grid-like structure into a Ca-containing aqueous 
solution loaded with monomers, followed by light-induced 
polymerization of the monomer to create a soft composite with 
squared cellular architecture. The lateral compliance of the 
final structure depends on the angle at which it is mechanically 
loaded. Loading along the struts lead to stiff response, whereas 
a more compliant behavior is observed when the mechanical 
load is applied at an angle of 45° with respect to the strut axis 
(Figure 5E–J). The possibility to tailor the mechanical response 
of such structures by tuning the nanocellulose concentration 
in the precursor hydrogel and the cellular architecture of the 
printed object opens a large parameter space for the design 
of biocompatible cellulose-based gels and composites for 
biomedi cal and functional applications.

Adv. Funct. Mater. 2020, 30, 1904127

Figure 5. 3D printed functional parts with high volume fraction of cellulose (27.35 vol%). A) Printed hook (6.1 g) carrying a load of 4.5 kg. B) Printed jar 
with complex geometry. C,D) Printed truncated cone and honeycomb structures. E–J) Cellulose-based 3D printed composites prepared from hydrogels 
with lower cellulose concentration: E,F) hydrogel with no mechanical stability obtained right after printing and G) hydrogel after one day in bath of CaCl2 
solution, showing improved stiffness but low strength, and H–J) composite obtained after infiltration of hydrogel with monomer and UV curing. The 
infiltrated composite shows stiff response when compressed along the strut direction and elastic deformation when tested at an angle of 45° relative 
to the strut axis (see Videos S1–S4 in the Supporting Information).
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3. Conclusions

Complex-shaped composites with cellulose concentration up 
to 27.35 vol% can be created through the wet densification of 
3D printed scaffolds. The densification process involves the 
exchange of the aqueous phase of the printed wet scaffold by 
a liquid mixture that works as a poor solvent for the cellulose 
particles. The poor solvent characteristics of the liquid mixture 
can be quantified using Hansen solubility parameters, which 
provide a measure of the cohesive energy density (CED) of 
the solvent mixture. Liquids with CED comparable to that of 
cellulose will work as good solvents, enabling the dispersion 
of a high concentration of cellulose particles in the ink used 
for 3D printing. By contrast, solvents with significantly dif-
ferent CED values will exhibit poor dispersion capabilities 
and induce attractive interactions between the cellulose par-
ticles within the 3D printed scaffolds. The increase in scaf-
fold density during wet densification was found to be directly 
proportional to the change in CED resulting from the solvent 
exchange process. This quantitative relationship offers a sound 
physical interpretation of the wet densification phenomenon 
and provides guidelines for the selection of solvent mixtures 
that can effectively increase the cellulose content of 3D printed 
scaffolds. Because of their high cellulose concentration, com-
posites obtained via infiltration of wet densified scaffolds with 
an organic phase show significantly higher fracture strength 
and stiffness compared to state-of-the-art 3D printed cellulose-
based materials. This strengthening effect arises from the very 
high concentration of cellulose achieved in the final composite 
and is also partly affected by the strong alignment of the cellu-
lose particles along the extrusion direction during the printing 
process. Such alignment can be combined with the shaping 
freedom enabled by 3D printing and the flexibility in materials 
choice offered by the densification and infiltration procedures 
to manufacture complex-shaped objects with unprecedentedly 
high mechanical properties and volume fraction of cellulose. 
The high level of structural complexity and control achieved 
with this combined process opens the way to the fabrication of 
cellulose-based materials that capture some of the design prin-
ciples of biological structures like wood and morphing plant 
structures. Since mechanical stability and high cellulose con-
tent are key to achieve long-term durability and to fully ben-
efit from the sustainable nature of this material resource, the 
proposed manufacturing workflow is also expected to have a 
major impact in future cellulose-based structural, biomedical 
and energy-related products.

4. Experimental Section

Materials: 2-Hydroxyethyl methacrylate (HEMA) (98%), 
N-isopropylacrylamide (NIPAM), and N,N′-methylenebis(acrylamide) 
(MBA) were purchased from Sigma-Aldrich. The functional PUA 
oligomers (BR3741AJ and BR571) and the photoinitiator bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819) were generously 
provided by Dymax and BASF, respectively. Calcium chloride powder 
(CaCl2) was purchased from Merck. Cellulose nanocrystals (CNCs) 
were prepared via sulfuric acid hydrolysis of eucalyptus pulp according 
to a published procedure[53] and were purchased from the USDA 
Forest Service–Forest Products Laboratory (Madison, WI). Never-dried 

elemental chlorine free (ECF) cellulose fibers from bleached softwood 
pulp (Picea abies and Pinus spp.) were obtained from Stendal GmbH 
(Berlin, Germany) and used for the production of cellulose nanofibers 
(CNFs). Transmission electron microscopy (TEM) images of CNCs and 
CNFs used in the study are shown in Figures S19 and S20 (Supporting 
Information). 2,2,6,6-Tetramethyl-1-piperidinyloxyl (TEMPO) and sodium 
hypochlorite (NaClO) solutions (12–14% chlorine) were purchased from 
VWR International. Sodium bromide (NaBr ≥ 99%) and sodium hydroxide 
(NaOH ≥ 99%) were obtained from Sigma-Aldrich (Buchs, Switzerland).

Preparation and Characterization of Inks—Cellulose-Based Inks: TEMPO-
CNFs were produced according to a well-established protocol from 
Saito et al.,[54] which is extensively described elsewhere.[55] Freeze-dried 
CNCs (0.98 wt% sulfur content; Figure S19, Supporting Information) 
and never-dried TEMPO-CNFs in water (CNF concentration of 1.33 wt% 
relative to water; Figure S20, Supporting Information) were mixed for 
5 min at 2500 and 3500 rpm, respectively, in a speed mixer (model 
DAC 150.1 FVZ). The resulting gel contained 20 wt% CNC and 1 wt% 
CNF. This cellulose-based gel was left for swelling for one night, mixed 
at 3500 rpm for 5 min and stored in the fridge prior to testing. Before 
further processing and printing, the gel was filled in plastic cartridges 
and centrifuged for 10 min at 3500 rpm to remove bubbles.

Preparation and Characterization of Inks—Rheology of Inks: The 
rheological characterization of the inks was performed using an MCR 
302 rheometer from Anton Paar. Measurements were carried out using 
a plate-plate geometry with 50 mm diameter and a gap of 0.5 mm at 
a constant temperature of 20 °C. Shear rate sweeps were performed 
at shear rates ranging from 0.001 to 1000 s−1 at logarithmically 
spaced intervals with four points per decade. Amplitude sweeps were 
performed from 0.1 to 1000% using similar logarithmic intervals at 
a frequency of 1 Hz. The yield stress of the inks was determined by 
applying an increasing shear stress from 1 to 1000 Pa and measuring 
the deformation response. The stress corresponding to the change in 
slope in the shear stress versus deformation curves was taken as the 
yield stress of the ink.

Preparation and Characterization of Composites—3D Printing: Cellulose 
scaffolds were printed using a direct ink writer (DIW) from EnvisionTEC 
(Bioplotter Manufacturing series). The gels were filled in plastic 
cartridges and extruded through uniform steel needles with compressed 
air at pressures in the range 2.1–2.4 bar and at a fixed temperature of  
20 °C. The extrusion needles were 27 mm long and exhibited a non-tapered  
geometry with diameter of 0.41 mm.

Preparation and Characterization of Composites—Freeze-Drying: Freeze-
dried scaffolds were prepared by plunging printed gel structures into 
liquid nitrogen and placing the sample in the freeze-dryer (SRK System 
Technik GmbH–LYOVAC) for removal of the aqueous phase. Freeze-
drying was accomplished by changing the temperature and pressure in 
the chamber so as to directly sublimate the ice.

Preparation and Characterization of Composites—Supercritical Drying: 
Some of the scaffolds were dried under supercritical conditions. Prior 
to supercritical drying, the water-based gel was plunged into an ethanol 
bath. The ethanol was changed several times to make sure most of the 
water is eliminated. Supercritical drying was conducted in a dedicated 
equipment (Quorum Technologies–Polaron), where the ethanol is 
first replaced by liquid CO2 before removal of the liquid phase under 
supercritical conditions (37 °C, 100 bar).

Preparation and Characterization of Composites—Resin Formulation: The 
resin used as polymer matrix of the composite is a mixture of HEMA/
BR-3741 AJ/Irgacure 819 at weight fractions of 50, 49.5, and 0.5 wt%, 
respectively. The resin was diluted with the solvent for the infiltration 
step. When pure ethanol was used as solvent, a solvent:resin weight ratio 
of 2:1 was utilized. The resin:water ratio for the hydrogels was adjusted 
to achieve the targeted final water content desired for the gel.

Preparation and Characterization of Composites—Infiltration of 
Supercritically Dried Scaffolds: Supercritically dried samples were plunged 
into a liquid bath of HEMA and isostatically pressed at 5000 bar for  
5 min prior to a one week vacuum infiltration process. After infiltration, 
the samples were UV cured for 10 min on both sides under continuous 
nitrogen (N2) flow to avoid oxygen inhibition of the polymer reaction.

Adv. Funct. Mater. 2020, 30, 1904127
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Preparation and Characterization of Composites—Infiltration of Wet 
Scaffolds: Some of the scaffolds were directly infiltrated with monomer 
while still in the wet state. In this case, the aqueous phase of the 
printed scaffolds was first solvent exchanged with ethanol to enable wet 
densification. After water removal, the ethanol bath was either replaced 
by an ethanol solution of HEMA (2:1 weight ratio of ethanol:HEMA/BR).  
The samples were kept in the bath under vacuum for 1 week to allow 
for infiltration of the resin and complete elimination of the ethanol. 
Infiltrated scaffolds were UV-cured for 10 min on both sides under 
continuous nitrogen (N2) flow. The possibility to directly infiltrate the 
wet scaffolds in a pure HEMA/BR resin bath is also explored, which is 
also feasible. The concentration of cellulose nanocrystals in the final 
composites was estimated using Archimedes and geometrical methods 
(Section S12, Supporting Information).

Mechanical and Structural Characterization of Composites—Three-
Point-Bending Measurements: 3D printed samples for three-point-
bending measurements were produced according to the standard ISO 
D790-03.[56] Tests were conducted in an universal mechanical testing 
machine (Shimadzu AGS-X, Japan) equipped with a 1 kN load cell. 
Samples were tested using a span width of 40 mm and a displacement 
rate of 1 mm min−1.

Mechanical and Structural Characterization of Composites—Tensile 
Tests: 3D printed single- and double-layered films were printed and 
tested in tensile mode using an uniaxial Mechanical tester (Zwick 
Roell) with a load cell of 500 N. Measurements were performed 
in 12 mm × 2 mm dog bone samples that were punched out from 
printed sheets (single and double layers). Stress data were recorded 
while applying a displacement rate of 5 mm min−1. Strain was 
measured based on cross-head motion. Pure CNC/CNF dog-bone-
shaped samples were obtained by stamping out films that were wet-
densified films via solvent exchange and dried in air. Dog-bone-shaped 
specimens of CNC/CNF composites were prepared from UV-cured 
composite films generated through the wet densification and 
infiltration processes.

Mechanical and Structural Characterization of Composites—Dynamic 
Mechanical Analysis (DMA): Single and double layered films were printed 
and cut for DMA analysis (TA RSAIII). Cut samples were 5 mm wide, 
40 mm long, and 0.35 mm thick. Tests were conducted using a span of 
35 mm. Samples were measured with a frequency of 1 Hz while heated 
from −100 to 100 °C at a rate of 2 °C min−1 and a prestrain of 0.04%.

Mechanical and Structural Characterization of Composites—Differential 
Scanning Calorimetry (DSC): DSC measurements were performed at 
heating and cooling rates of 20 °C min−1 (DSC7 and DSC8000, Perkin 
Elmer). The experimental run consisted of a heating cycle from −90 to 
60 °C, followed by a ramp-down to −90 °C and a holding time of 5 min at 
−90 °C before a final heating to 60 °C.

Mechanical and Structural Characterization of Composites—UV–Vis 
Spectroscopy: Light transmittance of 3D printed films was measured on 
a Shimadzu UV-3600 at wavelengths ranging from 300 to 1500 nm. The 
single- and double-layered samples used in these measurements had a 
thickness of around 0.32 and 0.6 mm, respectively.

Mechanical and Structural Characterization of Composites—Transmission 
Electron Microscopy (TEM): Cellulose nanocrystals were characterized by 
transmission electron microscopy (TEM, Jeol JEM-2200FS, USA, Inc.) 
using an acceleration voltage of 200 kV. Plasma activated (30 s) carbon-
coated grids were used as a support onto which a 0.02 wt% suspension 
of the cellulose nanocrystals was deposited and stained with a 2 wt% 
solution of uranyl acetate for 30 s. The average lengths and diameters of 
the CNCs were measured with the software Image J.

Mechanical and Structural Characterization of Composites—Scanning 
Electron Microscopy (SEM): Scanning electron microscopy (SEM) was 
performed on an LEO 1530 using an accelerating voltage of 2 kV and a 
working distance of 5 mm. Sample cross-sections prior and after resin 
infiltration or mechanical testing were imaged. Before imaging, the 
samples were either glued with carbon adhesive tape onto aluminum 
sample holders or held with screw fastening systems. Samples were 
coated for 30 s at a current of 40 mA, a pressure of 0.8 Pa, and a working 
distance of 5 cm with tungsten to avoid surface charging.

Mechanical and Structural Characterization of Composites—Optical 
Microscopy (OM): All optical microscopy analyses were performed on an 
Axioplan microscope from Zeiss equipped with cross-polarized filters.

Mechanical and Structural Characterization of Composites—Wide-Angle 
X-Ray Diffraction (WAXD): 2D wide-angle X-ray diffraction (2D-WAXD; 
STOE IPDS-II, 0.71073 Mo Kα radiation source) was used to study the 
degree of CNC alignment within the printed filaments and films. The 
equipment was operated at 40 mA and 50 kV for 30 min using a beam 
diameter of 0.5 mm in transmission mode. The samples were fixed on 
the goniometer head and then placed perpendicular to the beam to allow 
the X-rays to pass only through the specimen. The 2D-WAXD patterns 
were recorded on an Image Plate Detector System with a 340 mm 
diameter placed at a distance of 200 mm from the sample. For each 
sample position a full image was recorded covering a 2θ range from  
3° to 40°. Azimuthal scans were integrated for the cellulose (200) 
reflection. Curves shown in Figure 3 have been obtained after subtraction 
of the background noise to the original curve.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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