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A B S T R A C T

The predominant technique for producing 3D-printed structures of nanocellulose involves freeze-drying despite 
its drawbacks in terms of energy consumption and carbon footprint. This study explores the less-energy-intensive 
drying approach by leveraging the valorization of forest residual streams. We utilized wood flour and Kraft lignin 
as fillers to facilitate room-temperature drying of the nanocellulose-based 3D printed structures. Various ink 
formulations, integrating cellulose nanofibers, wood flour, and lignin, were tested for direct ink writing (DIW). 
The formulations exhibited shear-thinning behavior and distinct yield stress with rising stress levels, ensuring the 
effective flow of the ink during DIW. Consequently, multilayered objects were printed with high shape fidelity 
and precise dimensions. Lignin and wood flour prevented structural collapse upon room-temperature drying. A 
reduced shrinkage was observed with the addition of lignin in freeze and room temperature drying. Moreover, 
the room-temperature dried samples were denser and demonstrated significantly higher resistance to applied 
compressive force, surpassing those reported for cellulose-based 3D composites in the existing literature. 
Remarkably, the trade-off effects of lignin are highlighted in terms of efficient stress-distributing and micro-scale 
sliding, enabling better strength. Along with wood flour, it further increases thermal stability. However, lignin 
hinders the hierarchical porous structure, the main ion transportation channels, reducing the double-layer 
capacitance of the carbonized structures. Overall, the results underscore the potential of all-biobased formula-
tions for DIW for practical applications, highlighting their enhanced mechanical properties and structural 
integrity via the more sustainable drying method.

1. Introduction

Additive manufacturing, specifically 3D printing, is a technology 
that enables the creation of three-dimensional objects from digital 
models. There are several types of 3D printing approaches, each with 
advantages and applications. Material extrusion (ME) comprises a group 
of contact-based 3D printing methods where the material is systemati-
cally deposited to construct objects layer-by-layer [1–3]. ME techniques 
exhibit adaptability and are compatible with diverse materials, 

encompassing plastics, metals, ceramics, composites, and, in specific 
instances, bio-based materials. Several prevalent 3D printing methods 
fall within the ME classification, including fused deposition modeling, 
pellet extrusion, paste extrusion, and direct ink writing (DIW) [4,5]. The 
latter, DIW, uses liquid or viscous ink, often composed of a mixture of 
materials such as polymers, nanoparticles, or other functional compo-
nents. The ink is extruded from a nozzle onto a substrate, forming the 
desired structure through controlled deposition. However, this tech-
nique has certain limitations related to the rheological properties of the 
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materials used. The viscosity of the ink is a critical factor in DIW, 
affecting the overall quality of the printed object [6–8]. Furthermore, 
some materials used in DIW may exhibit shear-thinning behavior with 
an increased shear rate. While DIW supports a wide range of materials, 
not all materials are suitable for the process. Inks with very high vis-
cosity or rapid changes in viscosity under shear may pose challenges in 
achieving precise and consistent printing [9,10]. On the other hand, the 
drying issue post-3D printing of inks in DIW poses a significant challenge 
in terms of structural integrity and print quality [11].

Cellulose-based inks can be formulated to exhibit specific rheological 
properties suitable for DIW. Controlling viscosity and shear-thinning 
allows for precise extrusion and layer deposition during the printing 
process. As a result, cellulose-based inks have been used to create 3D 
structures [12–15]. Similar to most hydrogels, cellulose-based inks often 
contain a high proportion of water and require careful consideration of 
the drying processes, e.g., to prevent deformations and maintain the 
intended shape of the printed object. This is due to the shrinkage or 
volumetric changes of the hydrogel material upon drying.

Freeze drying or lyophilization after DIW is used to avoid the chal-
lenges of materials with high water content or solvents (minimizing 
shrinkage, deformation, or cracking). In fact, dried printed samples of 
high quality are not feasible without resorting to freeze-drying [16,17]. 
For instance, Baniasadi et al. [18] observed 83 % shrinkage in the 
cellulose-based printed sample when air-dried, while only 12 % 
shrinkage when subjected to freeze-drying. Additionally, inks 
comprising nanocellulose and xanthan gum recorded a substantial 90 % 
shrinkage during room drying, contrasting with a minimal 5 % 
shrinkage for the freeze-dried counterpart [19]. Moreover, it was noted 
that a considerable shrinkage along the Z-axis occurred for printed ob-
jects dried at 60 ◦C [20].

Liu et al. [21] utilized lignocellulose nanofiber (LCNF) derived from 
unbleached pulp for DIW printing. The LCNF ink, containing approxi-
mately 12 % residual lignin nanoparticles ranging from 14 to 40 nm, 
exhibited superior shape fidelity and mechanical properties in the 3D 
printed structures after freeze-drying, compared to those printed with 
bleached nanocellulose ink. However, they did not investigate the 
shrinkage of the samples in other drying conditions.

On the other hand, the positive effects of particles and fillers such as 
cellulose nanocrystals, silica nanoparticles, clays, and metal nano-
particles on ink stability and reinforcement of printed objects were 
observed [11,22,23]. Conversely, the shape and size of the fillers 
significantly impact ink stability and the reinforcement of printed and 
dried structures; for instance, smaller filler particles are less effective in 
reducing shrinkage after drying [24]. In a recent study on the effect of 
the shape of the fillers, Zhang et al. [25] demonstrated that incorpo-
rating micron-sized needle-like silk particles into a chitosan matrix en-
hances the modulus reinforcement of the printed structure compared to 
the inks containing spherical silk particles.

In this study, we decided to use needle-like wood flour (with an 
average size of 400 µm) to reinforce 3D printed structures with 
commonly used DIW ink containing TEMPO-oxidized cellulose nano-
fibrils (TOCNF). We also added methylcellulose to improve the adhesion 
of the wood flour to the nanocellulose fibers within the ink formulation. 
While previous research on 3D printing with wood powder has pre-
dominantly focused on material extrusion with wood powders mixed 
with polymeric binders (typically polylactic acid, and occasionally 
methylcellulose and gypsum) [26], a significant issue with DIW-printed 
objects is substantial shrinkage due to the high water content of the ink. 
Freeze-drying is generally a time-consuming process, and the sublima-
tion step can take considerable time, depending on the size and 
complexity of the printed object. Furthermore, freezing and sublimation 
consume significant energy compared to other drying methods. Specif-
ically, the energy consumption associated with freeze-drying raises 
environmental concerns, particularly in terms of its carbon footprint 
[27,28].

In our work, the addition of approximately 8 % wood flour to the 

TOCNF ink not only reduced shrinkage in the freeze-dried samples but 
also prevented collapse in samples dried at room temperature. This 
prompted us to investigate the addition of micron-sized fillers to our 
water-based ink to further minimize shrinkage, especially with room- 
drying methods. While additional wood flour led to clogging of the 
printing needle, the incorporation of spherical lignin particles (average 
size of 50–80 µm) effectively served as stress-distributing agents in the 
composite ink material. These spherical particles act as micro-scale 
’sliding interfaces’ under tensile stress, allowing the particles to redis-
tribute and absorb forces more evenly across the material. Consequently, 
the presence of these spherical lignin particles significantly enhances the 
structural integrity of the sample, effectively mitigating fracture or 
breakage under tension [29]. Furthermore, our investigation encom-
passed a comprehensive characterization of the kraft lignin, ink 
rheology, drying techniques for the final specimens, morphological 
changes, and mechanical attributes. Specifically, we delved into the 
effects of different drying conditions—comparing freeze-drying (F-dry-
ing) and room-temperature drying (RT-drying)—on the 3D-printed 
samples, analyzing shape retention, microstructural attributes and the 
mechanical reinforcement exhibited by the dried scaffold. The printed 
samples were subjected to carbonization and implemented for 
double-layer capacitance.

2. Experimental

2.1. Materials

TEMPO-oxidized cellulose nanofibrils (TOCNF) were synthesized 
using the established procedure detailed in our prior works, employing 
never-dried bleached birch pulp as the source material [30,31]. Soft-
wood kraft lignin powder (Indulin AT), with a composition of 3 % ash 
and 1.3 % sulfur, was procured from Mead Westvaco [32]. Methylcel-
lulose (MC, viscosity 15 mPa.s) was sourced from Sigma Aldrich. Wood 
flour was derived by grinding birch wood and subsequently screening 
the resulting particles through a sieve with 0.4 mm mesh openings.

2.2. Methods

Ink preparation. The inks for DIW were prepared in accordance 
with Table 1. Our initial screening revealed that the maximum feasible 
concentration for printing TOCNF with our printer was 1.2 %. Conse-
quently, this concentration remained constant in all formulations. The 
total mass of the dried polymer in the cellulose-based ink, comprising 
TOCNF and MC, was maintained at 1 %. Specifically, 0.66 g of MC was 
dissolved in 20 g of TOCNF (1.2 %). Conversely, the optimal quantity of 
wood flour, determined by considerations of printing quality and shape 
integrity post-drying, was twice the mass of the cellulose components. 
Subsequently, the influence of lignin was examined by adding 0.5 g and 
1 g of lignin to the formulation. The formulations were designated as 
WL0, WL0.5, and WL1, respectively, denoting composites containing 0, 
0.5, and 1 g of lignin. Two reference inks, denoted as T and TM, were 
printed, representing TOCNF and TOCNF/MC inks, respectively, 
without the inclusion of lignin and wood flour.

Direct ink writing. The inks were deposited using a BIOX bioprinter 
(CELLINK, Sweden) to construct the 3D model (g-code) designed via 

Table 1 
Summary of the ink compositions used in this work.

Ink TOCNF (1.2 %) 
(g)

Methylcellulose 
(g)

Wood flour 
(g)

Lignin 
(g)

WL0 0.24 0.66 2 0
WL0.5 0.24 0.66 2 0.5
WL1 0.24 0.66 2 1
Reference inks
T 0.24 0 0 0
TM 0.24 0.66 0 0
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Tinkercad. Prior to printing, the inks were carefully loaded into 3 ml 
transparent pneumatic syringes, which were subsequently placed within 
a THINKY ARE-250 mixer to ensure homogeneity and eliminate bubbles. 
The printing process was facilitated using a 14 G tapered plastic nozzle 
(31.75 mm long, 1.5 mm outer diameter), with the printing speed set at 
a constant 10 mm.s⁻1. Pneumatic pressures were adjusted in the range of 
30–100 kPa, with higher pressures required for inks containing lignin 
and wood flour. The 3D structures were printed based on a rectangular 
lattice model (20 mm × 20 mm × 3 mm) with a 20 % infill density. For 
compression tests, disk-shaped samples (20 mm diameter and 3 mm 
height) with 50 % infill density were printed. Subsequently, the printed 
samples were dried in different drying conditions, i.e., freeze-drying (F- 
drying) and room-temperature drying (RT-drying). For F-drying, the 
samples were initially frozen at −18 ◦C and then subjected to drying 
under vacuum at −50 ◦C (Labconco 2.5). While for TR-drying, the 
sample was dried at 23 ◦C with 60 % humidity. The samples dried by 
freeze-drying were labeled as WL0-F, WL0.5-F, and WL1-F, while those 
obtained by room-temperature drying were designated as WL0-R, 
WL0.5-R, and WL1-R.

Lignin characterization. The chemical fingerprints of the kraft 
lignin were characterized by ATR-FTIR (Perkin Elmer-Spectrum Two 
FTIR Spectrometer). The size distribution of the lignin powder was 
determined by the laser diffraction method (Malvern-Mastersizer 2000). 
The device accepted range of the size distribution lies between 0.02 and 
2000 µm, according to the laser diffraction. The measurements were 
repeated five times.

Rheology. The viscoelastic properties of the ink were examined 
through a series of rheological tests conducted using an Anton Paar 
Physica rheometer model MCR 301. The measurement was conducted at 
ambient temperature with the furnace kept closed to ensure that the 
rheological data was not affected by evaporation. To begin with, the 
trend of shear viscosity versus shear rate was charted, covering a wide 
range of shear rates from 0.01 1/s to 1000 1/s. This analysis was carried 
out utilizing a 25 mm cone and plate geometry with a precise gap size of 
49 μm. Subsequently, a strain sweep test was executed, wherein shear 
strain exponentially increased from 0.01 % to 100 % while maintaining 
a constant angular frequency of 10 rad/s. The purpose of this test was to 
pinpoint the linear viscoelastic region of the ink. Subsequently, a fre-
quency sweep test was conducted within the linear viscoelastic region at 
a fixed shear strain rate of 0.1 %, with the angular frequency ramped 
logarithmically from 0.01 to 640 rad/s. The evaluation of the ink yield 
stress (τy) involved conducting a stress sweep test, wherein stress levels 
escalated logarithmically from 0.1 to 103 Pa while maintaining a con-
stant frequency of 10 rad/s. This evaluation was then combined with the 
maximum shear stress occurring within the nozzle (τmax) and the shear 
rate at the nozzle wall. This comparison aimed to assess the flowability 
of the inks under specific conditions similar to the printing process. The 
inks were expected to exhibit successful printing characteristics if τmax 
proved sufficiently high to surpass τy. To calculate τmax, the following 
equation was employed [33]. 

τmax =
ΔP.r
2L

(1) 

where ΔP represents the maximum pressure applied at the nozzle 
(30–100 kPa), while r and L denote the nozzle radius (1.5 mm) and 
length (31.75 mm), respectively.

τy was also calculated by fitting the steady shear data using the 
Herschel Bulkley model (Eq. 2), where K is the consistency index, γ̇n is 
the shear rate, and n is the flow behavior index. 

τ = τy + Kγ̇n (2) 

Scanning electron microscopy. The morphology of the samples 
was analyzed using scanning electron microscopy (SEM) with a Zeiss 
Sigma VP electron microscope at an acceleration voltage of 3–5 kV. 
Prior to imaging, the samples were coated with a 4 nm layer of gold- 

palladium using a Leica EM ACE600 sputter coater.
Porosity. The porosity of the dried sample was determined by 

observing the mass variation of the sample when immersed in ethanol 
(Etax Aa, 99.5 %). The dried sample, possessing a specific apparent 
volume (V), was initially weighed (m0). Subsequently, it was submerged 
in an ethanol solution for a duration of 2 hours. Following the immer-
sion period, the sample was carefully retrieved from the ethanol solu-
tion, and after ensuring the removal of any residual surface ethanol, the 
sample was re-weighed (mf). The porosity (φ) was then obtained using 
(Eq. (3)), in which ρ represents the density of ethanol (0.789 g/cm3). 
Each sample underwent a minimum of three measurements, and the 
reported values represent the mean value ± Std. Dev. 

φ(%) =
mf − m0

ρV
× 100 (3) 

Shrinkage behavior of the 3D printed structures. The alterations 
in dimensions of the printed sample after drying were quantified as its 
shrinkage. The initial apparent volume of the sample was measured 
before (Vb), and the final apparent volume was determined after drying 
(Va). The percentage shrinkage was then calculated using (Eq.( 4) )[14]. 

Shrinkage(%) =
Vb − Va

Vb
× 100 (4) 

Thermogravimetric analysis. Thermogravimetric analysis (TGA) 
analysis was performed using the Netzsch STA 449 F3 Jupiter instru-
ment. About 25 milligrams of each specimen were placed in an 
Aluminum oxide crucible and subsequently introduced into the experi-
mental setup. The heating program was initially set to operate within a 
temperature range of 40–800 ◦C, with a consistent heating rate of 10 ◦C/ 
min. Throughout the experiment, the heating chamber was continuously 
purged with nitrogen at a rate of 70 ml/min.

Compression test. The compression mechanical properties of the 
sample were assessed using a Universal Tester, specifically the Instron 
Model 4204. For this purpose, a disk-shaped sample with a 30 mm 
diameter was 3D printed and subsequently subjected to compression 
testing with a 5 kN load cell at a rate of 1 mm/min. The testing was 
conducted under controlled conditions of 23◦C and 55 % relative hu-
midity, following a 48-hour preconditioning period to stabilize the 
sample. A stress-strain curve was generated, and the compressive 
modulus and compressive strength at 30 % and 70 % strain were 
determined and compared. Each sample underwent a minimum of three 
measurements, and the reported values represent the mean value ± std. 
Dev.

Carbonization and electrochemical tests. The dried 3D scaffolds 
underwent carbonization at 900 ◦C for 60 minutes with a heating rate of 
5 ◦C/min in a tube furnace (NBD-O1200–50IC) under nitrogen flow. The 
carbonized 3D scaffolds were configured into a three-electrode cell, 
serving as free-standing working electrodes, with a platinum mesh as the 
counter electrode and an Ag/AgCl reference electrode in a 1 M H2SO4 
electrolyte. Electrochemical analysis was conducted using an Autolab 
PGSTAT12 potentiostat (EcoChemie, Netherlands) controlled by NOVA 
software. Cyclic voltammograms (CV) were recorded within a potential 
window from 0 to 1 V, and galvanostatic charge/discharge tests were 
performed at various current densities across the voltage range of 0–1 V. 
Electrochemical impedance spectroscopy (EIS) was executed at open 
circuit voltage over a frequency range of 0.01 Hz to 100 kHz.

3. Results and discussion

Rheological behavior of the all-biobased inks. The rheology 
measurement was performed to investigate the viscoelastic performance 
of the developed ink formulations and to examine their printability. The 
results are summarized in Fig. 1. As can be seen, all the formulations 
provided a non-Newtonian behavior over the applied shear rate, where 
the viscosity dropped more than two orders of magnitude upon sweep-
ing share rate from 0.01 to 1000 1/s. This shear-thinning behavior 
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ensures the process works efficiently and produces high-quality prints. 
When the ink was at rest, all formulations exhibited viscosity values that 
were relatively high, aligning with those documented in the literature as 
suitable for DIW [34–38]. This sufficient viscosity prevents ink from 
flowing uncontrollably. However, upon increasing the shear rate, the 
viscosity reduced rapidly, suggesting that when extrusion was initiated, 
the ink flowed through the nozzle easily [39]. The formulations con-
taining WL exhibit notably higher viscosity levels than those without. 
The difference in viscosity can be attributed to the higher concentrations 
of these formulations [40]. Additionally, an increase in viscosity was 
observed with the rising lignin content, primarily attributed to the for-
mation of hydrogen bonds between lignin and cellulose. This interaction 
restricts mobility, consequently leading to an increase in viscosity [41].

The linear viscoelastic region was determined through a strain sweep 
test. As depicted in Fig. 1b, the moduli curves (G′ and G″) plateaued at a 
low deformation rate (less than 5 %), with G′ consistently surpassing G″. 

At higher strain rates, G″ intersected the G′ curve, indicating a flow point 
attributed to the yielding and destruction of the network structure. 
Consequently, a deformation magnitude of 0.1 % was chosen to ensure 
that the frequency sweep test remained within the linear viscoelastic 
region. The results of the frequency sweep test, shown in Fig. 1c, 
revealed that for all inks, G′ consistently exceeded G″, indicating solid or 
gel-like behavior under low shear strain. Moreover, both G′ and G″ 
exhibited an increase with rising lignin content, suggesting enhanced 
ink strength facilitated by hydrogen bond formation between the hy-
droxy and carboxyl groups of lignin and the hydroxyl groups of cellulose 
and wood flour.

Yield stress, τy, the point at which an ink transitions from a solid-like 
behavior to a more fluid-like behavior, is the minimum stress or force 
necessary to induce ink flow. As illustrated in Fig. 1d, when examining 
low shear rates, it becomes evident that G′ significantly surpassed G″ in 
all ink samples. This observation implies that the inks possessed notable 

Fig. 1. Rheological properties of the all-biobased inks at 23 ◦C. a) Apparent viscosity versus share rate, b) strain sweep test results at a constant angular frequency of 
10 rad/s, c) G′ and G″ versus shear stress at a fixed frequency of 10 rad/s, d) frequency sweep test results at a constant shear strain rate of 0.1 %, and f) The steady 
shear plots and the fitting curves using the Herschel-Bulkley model. The solid and blank symbols show G′ and G″, respectively. The frequency sweep test results were 
fitted non-linearly using the Herschel model due to the considerable variation observed in the data. The original curves are demonstrated in Fig. S1.
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stability, allowing them to maintain their structural integrity within the 
nozzle even before the application of external pressure for the printing 
process [42,43]. As the applied stress was further increased beyond the 
linear viscoelastic range, we determined the yield stress point at the 
juncture where G′ intersected with G″, signifying the initiation of ma-
terial flow from the nozzle. The values of τy exhibited a systematic in-
crease with a higher proportion of lignin, a phenomenon possibly 
attributable to the reinforcing effect of lignin, as previously observed in 
the viscosity results. Conversely, we compared these τy values with τmax, 
which represents the maximum shear stress generated within the nozzle. 
This value was determined to be in the range of 700–2000 Pa, (Eq. (1)). 
Notably, τmax significantly exceeded the τy values of the inks, indicating 
that the applied pneumatic pressure exerted sufficient force to overcome 
the shear yield stress. Consequently, these findings suggest that all ink 
formulations can be effectively employed for DIW.

τy was also calculated by fitting the steady shear data using the 
Herschel-Bulkley model (Eq. (2)). The results are depicted in Fig. 1e, and 
the fitting parameters are summarized in Table 2. For comparison, τy 
values obtained from the stress sweep test curves (Fig. 1d) were also 
included. Notably, there is a difference between the yield stress values 
obtained from the steady shear plots and the stress sweep test curves. 
This discrepancy can be attributed to the different experimental condi-
tions and methodologies used in each test. The stress sweep test mea-
sures yield stress based on the onset of flow under increasing stress, 
while the Herschel-Bulkley model fits the steady shear data over a range 
of shear rates, potentially leading to variations in the calculated yield 
stress. However, the yield stress values from curve fitting were still 
significantly lower than τmax, indicating that the applied pneumatic 
pressure was sufficient to surpass the shear yield stress.

Printing and drying of the composites. We next explored the 
printing quality of the produced objects. As depicted in the upper section 
of Fig. 2a, the incorporation of lignin and wood flour into the WL 
formulation resulted in the formation of paste-like composites exhibit-
ing a distinctive brownish color. The incorporation of lignin not only 
increased the ink consistency but also elevated its viscosity, as previ-
ously discussed. Notably, the ink with the highest lignin content denoted 
as WL1, exhibited a well-defined shear-thinning behavior, most likely 
explained by the dispersion ability of lignin. This property facilitated a 
smooth and continuous flow of the ink through the nozzle under applied 
pneumatic pressure, overcoming common challenges in DIW, such as 
needle clogging and liquid spreading. The inks, as depicted in Fig. 2b, 
demonstrated exceptional flowability, attributed to significantly lower 
yield stress values compared to the stress applied on the nozzle tip, in 
conjunction with their shear-thinning viscosity. Consequently, the ach-
ieved good printability exhibited high fidelity, fair resolution, and uni-
form filament diameter, showcasing precise control over the 3D-printed 
objects. Each layer maintained its individualized structure without 
collapse, ensuring a uniform and stable overall form.

The printed structures underwent drying under different conditions, 
namely Freeze drying and Room Temperature drying, to assess their 
impact on shape fidelity and overall structure. All printed scaffolds 
containing lignin and wood flour maintained their intended shapes 
without collapsing, as illustrated in Fig. 3. The presence of fillers 
influenced the appearance of the dried scaffolds, resulting in rougher 

surfaces, particularly in samples with higher wood flour and lignin 
content. In contrast, reference samples lacking fillers (T and TM) expe-
rienced collapse when dried at room temperature, retaining their shape 
fidelity only through freeze drying. Notably, methylcellulose played an 
effective role in binding nanocellulose fibers, contributing to a smoother 
surface on TM and retaining rectangular open spaces within the grid 
structure, contrary to samples containing only TOCNF. Furthermore, the 
inclusion of fillers had positive impact on preserving the geometry of the 
dried scaffold during room-temperature drying. The printed layers 
exhibited resilience, maintaining their individuality, and the corners 
retained rectangular angle despite experiencing higher shear tension 
during evaporation.

Comparing the dimensions of the samples, the shrinkage of the 
freeze-dried samples was minor and decreased with the higher lignin 
content, respectively, from 3.6 %± 1.4 (WL0-F), 3 % ± 0.6 (WL0.5-F) to 
1.7 % ± 1 (WL1-F). The room-temperature dried samples shrank mainly 
along the Z-axis, respectively, from 31.9 ±8.8 % (WL0-RT), 24.7 % ±
1.5 (WL0.5-RT), to 10.8 % ± 3.6 (WL1-RT) when more lignin was 
added. This is attributed to the alignment tendency of wood flour, 
especially those with a higher aspect ratio, along the direction of 
printing.

Morphology and microstructure of the dried 3D-printed scaf-
folds. The morphology and microstructure of dried printed samples play 
a pivotal role in determining the overall quality, functionality, and 
performance of 3D-printed objects. Therefore, the microstructure of 
both F-dried and RT-dried samples was examined through SEM micro-
graphs, presenting top views and cross-sections in Fig. 4. Notably, all 
samples exhibit rougher surfaces when compared to reference samples 
lacking wood and lignin. The F-dried sample without lignin (WL0-F) 
showcases a spongy and uniform porous structure, while the introduc-
tion of lignin results in a more heterogeneous structure with varied sizes 
and thicker walls. Top-view SEM images indicate that the RT-dried 
samples exhibit reduced grid width compared to the F-dried counter-
parts, which is attributed to shrinkage during room-temperature drying. 
Cross-section images reveal a denser, more tightly packed structure in 
RT-dried samples. Additionally, the introduction of lignin in both F- 
dried and RT-dried samples leads to more randomly dispersed structures 
due to the formation of aggregated lignin, as explained by the size dis-
tribution characterization (Figure S2).

Fig. 5 presents SEM images of WL0-F, WL0.5-F, and WL1-F with 
different resolutions. In the absence of lignin (WL0-F), the wood flour 
exhibits a distinct alignment along the printing direction induced by the 
shear from the nozzle. With increasing the lignin content, more aggre-
gated lignin particles appeared and formed longer and more attached 
wood flour with longer lengths. The alignment of wood flour along the 
printing direction was also disturbed, resulting in a more heterogeneous 
pore structure. The higher lignin content also affects the positioning of 
the wood flour in different directions, including perpendicular to the 
printing direction, which contributes to holding the structure better in 
the Z-direction, consequently affecting the lower shrinkage in samples 
containing higher lignin content as observed in the previous section.

The porosity of the samples was determined by measuring the mass 
change of the samples when immersed in ethanol, a well-established 
method for assessing the porosity of porous materials [44,45]. While 
the material can absorb some ethanol, potentially affecting the weight, 
we took steps to minimize this effect by standardizing the immersion 
time for all samples and carefully removing any residual surface ethanol 
before re-weighing. Ethanol was chosen as the immersion medium due 
to its relatively low viscosity and high permeability, which enhance its 
ability to penetrate the porous structure while minimizing surface ef-
fects. However, isolated pores might not be fully saturated with ethanol; 
thus, we performed multiple measurements for each sample to account 
for variability and reported the mean value ± standard deviation to 
provide a measure of confidence in the results. As illustrated in 
Figure S3, porosity analysis is in correlation with the SEM observations, 
demonstrating lower porosity (approximately 10 %) for the RT-dried 

Table 2 
Summary of fitting parameters obtained by applying the Herschel-Bulkley model 
to the steady shear data.

Sample τy 

(Pa)
K 
(Pa.sn)

n 
Dimensionless

τy*
(Pa)

T 10 43 0.07 39
TM 26 95 0.24 219
WL0 521 69 0.31 253
WL0.5 512 55 0.37 124
WL1 470 73 0.41 178

* Extracted from stress sweep curves
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samples compared to the F-dried samples (approximately 23 %). Freeze 
drying entails the sublimation of ice crystals, leaving behind a porous 
structure. This gentle drying process may yield a more open and porous 
network compared to room temperature drying, where solvent evapo-
ration, such as water, occurs, potentially resulting in denser structures. 
Additionally, during freezing, ice crystals form within the sample ma-
trix, which, upon sublimation during freeze-drying, can create void 
spaces, further enhancing porosity. However, porosity measurements 
reveal no significant differences between samples with varying lignin 
content. We will further apply electrochemical characterization to 
investigate the effect of lignin on porosity by correlation to the 
double-layer capacitance.

Mechanical strength. Compressive properties are vital for the 
overall structural integrity of printed objects. Objects subjected to 
compressive loads, such as columns, supports, and load-bearing com-
ponents, must possess sufficient strength to withstand these forces 
without deformation or failure. Adequate compressive strength ensures 
that the parts can perform their intended functions without collapsing or 
deforming. Accordingly, the compressive mechanical properties of the 
printed samples (Figure S4) were measured and discussed. The typical 
stress-strain curves are plotted in Fig. 6a and b. Furthermore, the com-
parison of compressive modulus and compressive strength at 40 % and 
70 % strain are provided in Fig. 6c and d. As illustrated, the compressive 
stress in all samples consistently increased with the applied force until 
reaching a strain of up to 95 %. Remarkably, none of the samples 
experienced failure during the test, indicating a highly robust 3D- 
printed structure. This resilience underscores the efficiency of the cho-
sen ink formulation and 3D printing parameters, producing objects 
capable of withstanding applied forces without compromising their 

structural integrity. The successful completion of the test emphasizes the 
improved mechanical properties achieved through the incorporation of 
lignin and wood flour, contributing significantly to the overall strength 
and stability of the printed scaffolds.

This positive outcome holds promising implications for the potential 
utilization of these 3D-printed structures across various applications 
where mechanical durability and structural integrity are paramount 
considerations. Notably, with an increase in lignin content, almost all 
mechanical properties exhibit significant enhancement, suggesting the 
formation of more robust network structures. This improvement can be 
attributed to the effective interaction between cellulose and reinforcing 
particles, facilitated by hydrogen bonding between the hydroxy func-
tionalities of cellulose and the hydroxyl and carboxyl functionalities of 
lignin (Figure S5) [46]. Moreover, lignin acts as a reinforcing filler in the 
cellulose matrix, increasing the material’s resistance to deformation and 
enhancing its mechanical properties. This reinforcement effect can 
contribute to higher compressive strength and stiffness. Conversely, the 
RT-dried samples demonstrate notably higher mechanical performance, 
likely attributable to a more compact structure with reduced porosity 
achieved during the drying process. This observation highlights the in-
fluence of drying conditions on the mechanical characteristics of the 
printed structures.

It is noteworthy that the mechanical properties observed in our study 
surpass those reported for cellulose-based 3D composites in the existing 
literature. For instance, composite hydrogels of cellulose/polyacrylic 
acid displayed a maximum compressive strength of 350 kPa, accompa-
nied by notably lower compressive modulus [47]. Additionally, a 
cellulose-based composite hydrogel designed for 3D printing applica-
tions exhibited compressive strength and modulus values of 0.4 MPa 

Fig. 2. Digital photographs of a) composite inks comprising lignin and wood flour, along with their corresponding 3D-printed objects, and b) the flowability of the 
ink from the nozzle.

Fig. 3. a) Schematic illustration of DIW and drying methods after printing, b) Freeze-dried and room temperature-dried 3D-printed structures. Samples without filler, 
containing only TOCNF (T) and TOCNF-methylcellulose (TM), collapsed after room temperature drying and freeze-dried samples showed more shrinkage compared 
to those containing fillers.
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and 1 MPa, respectively [48]. In comparison, Li et al. [49] reported a 
peak compressive strength of 1.8 MPa for alginate/gelatin/cellulose 
nanocrystals interpenetrating polymer network composite hydrogels, 
with a compressive modulus of less than 2 MPa. Furthermore, the 
self-assembled cellulose nanocrystals/chitosan nanobubbles composite 
hydrogel demonstrated the highest compressive strength, reaching 
0.89 MPa [50]. Altogether, these findings contribute valuable insights 
into optimizing both material composition and drying methods for 
achieving superior mechanical properties in 3D-printed objects, 
expanding their potential applications across diverse areas.

Electrochemical behavior. The samples were carbonized to explore 
the impact of drying and lignin content on the double-layer capacitance, 
which correlates with the porous microstructure. Before carbonization, 
to understand the thermal characteristics of each material within the 
composition, the thermal stability of specimens was studied via ther-
mogravimetric analysis (TGA), which can be seen in Figure S6.

As previously noted, room temperature drying proved advantageous 
in obtaining structures with higher mechanical properties, albeit at the 

cost of increased porosity loss. Carbonized RT-dried samples lacking 
significant double-layer capacitance were excluded from the presenta-
tion of this study. Electrochemical capacitance was measured for the 
carbonized F-dried samples in 1 M H2SO4, and the cyclic voltammo-
grams (CV) are depicted in Fig. 7. All CV curves exhibit a quasi- 
rectangular shape in the three-electrode cell assembly at a scan rate of 
100 mV/s, indicative of governing double-layer capacitance (Fig. 7a). 
Pseudo-capacitance behavior at low potentials is linked to the presence 
of functional groups (-OH, -CO, and -COOH) on carbon materials in 
acidic electrolytes. Analysis of CV measurements at different scan rates 
reveals that the double-layer capacitance decreases by increasing lignin 
content from WL0-FC to WL0.5-FC and WL1-FC (Fig. 7b). Fig. 7C shows 
galvanostatic charge-discharge (GCD) curves at different current den-
sities. Electrochemical impedance spectroscopy (EIS) results (Fig. 7d) 
corroborated the CV findings, showing that WL0-FC boasts higher 
electrical conductivity (high-frequency intercept of EIS data). At low 
frequencies, the proximity to a vertical line underscored the higher 
capacitive behavior of the WL0-FC sample compared to the other two 

Fig. 4. The SEM micrographs from the top-view and cross-section perspectives of WL0, WL0.5, and WL1 subjected to drying processes via F-drying vs. RT-drying. The 
reference samples without fillers (T and TM) collapsed after RT-drying, thus, SEM micrographs are presented only for the F-dried samples.
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Fig. 5. SEM micrographs showing the alignment of the wood flour in WL0, WL0.5, and WL1 in different resolutions. Higher lignin content disturbed the alignment of 
wood flour along the printing direction.

Fig. 6. a) and b) Typical compressive stress and strain curves. c) and d) Comparison of some mechanical properties extracted from stress-strain curves.
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samples with more lignin [51,52]. These data suggest that the 
pore-blocking effect of lignin (in WL0.5-FC and WL1-FC) was more 
impactful in conductivity and electrochemical behavior than the 
increased carbon content after carbonization (TGA data). These findings 
align with SEM observations (Fig. 7e), indicating that the addition of 
more lignin hindered the hierarchical porous structure, which are the 
main transportation channels for ions to access smaller pores, conse-
quently reducing double-layer capacitance. Similar behavior was 
observed in previous work on carbon fibers composed of lignin/TOCNF, 
where higher lignin content led to decreased double-layer capacitance 
[30]. Overall, the observations suggest that adding lignin to the 
cellulose-wood structure can be alternatively decided based on the final 
application, whether one desires higher mechanical properties or more 
porous structures.

4. Conclusions

This study provided valuable insights into the positive impact of 
kraft lignin and wood flour on reinforcing 3D-printed cellulose-based 
structures. The development and utilization of all-biobased ink formu-
lations demonstrated promising results in terms of rheological proper-
ties and printability. The observed shear-thinning viscosity and distinct 
yield stress across all formulations ensured the effective flow of the ink 
during the 3D printing process, resulting in the successful production of 
objects with high shape fidelity and precise dimensions. The exploration 
of drying techniques, including freeze-drying and room-temperature 
drying, revealed that the presence of wood flour and lignin allowed 
for room-temperature drying without significant structural collapse. The 
room-temperature dried structures exhibited comparable characteristics 
to those obtained through standard freeze-drying methods but with 
reduced porosity and denser structures at the Z-axis, as confirmed by 
SEM imaging and porosity results. Notably, the room-temperature dried 

Fig. 7. Electrochemical measurements of carbonized (F-dried) samples in a three-electrode system. a) Cyclic voltammograms at the scan rates of 100 mV/s, b) 
Capacitance samples at different scan rates of 5–100 mV/s, c) GCD curves and specific capacitance of the WL0-FC sample at the current densities of 0.2–5 A/g, and d) 
Nyquist plots of the samples at the open-circuit potential, e) SEM images (top-view and cross-section) of the F-dried structures after carbonization used for super 
capacitance tests.
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