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Abstract

In this study, we conducted a comprehensive experimental campaign aimed at

controlling the final properties of 3D printed cellulose acetate. We equipped a

commercial printer with a peristaltic pump to be able to print in a continuous

fashion by means of the Direct Ink Writing technique. We investigated the

effect of ink concentration and printing parameters on the density, mechanical

and functional properties of printed objects. Furthermore, water absorption

tests demonstrated the hygroscopic behavior of cellulose acetate, with higher

water content in samples with lower densities. The diffusion of water within

the polymer network followed Fickian diffusion, with the diffusion coefficient

influenced by the density of samples. Overall, this study highlights the impor-

tance of printing conditions in achieving desired properties in 3D printed cel-

lulose acetate. The ability to fine-tune the mechanical properties and water

absorbance of 3D printed cellulose acetate makes it promising for applications

in plant science and bioengineering.

Highlights

• Cellulose acetate has been 3D printed via Direct Ink Writing.

• The shear-thinning behavior allows for shape retention during printing.

• Density of printed samples is strongly controlled by printing parameters.

• Density of printed parts influences mechanical properties and water absorption.
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1 | INTRODUCTION

Cellulose acetate (CA) is a biodegradable and biocompatible
synthetic polymer that is derived from cellulose, a nat-
ural polysaccharide found in plants. CA is produced by
acetylating cellulose with acetic anhydride, resulting in
a polymer with varying degrees of substitution (DS) of
acetyl groups.1–3 The DS of CA affects its physical and
chemical properties, including its solubility, thermal

stability, and mechanical properties. Its biodegradability
and biocompatibility make it attractive for use in biomed-
ical (drug delivery, tissue engineering, and wound heal-
ing) and commodity applications (packaging), whereas
its solubility and thermal stability allow for its use in var-
ious solution-based processing methods, including 3D
printing.4–6 To obtain CA from plants, the common pro-
cesses involve several chemical and physical steps.
Cellulose is extracted from plant materials, such as wood
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pulp or cotton fibers. This is usually done through a
process of pulping, which involves breaking down the
plant material in a chemical solution to separate the cel-
lulose fibers.7 The extracted cellulose is then chemically
modified through a process called acetylation, where
acetic anhydride and acetic acid are used to introduce
acetyl groups onto the cellulose chains. This process cre-
ates CA, which is a thermoplastic material that can be
molded into various shapes. The CA is then purified to
remove any impurities and to adjust its properties, such
as its molecular weight and degree of substitution. The
purified CA can then be processed into various products,
such as film, fibers, and plastics.1 This can be done
through processes such as extrusion, injection molding,
or casting. Besides its terrestrial use, potential applica-
tions of CA are related to space system manufacturing
and development of functional structures; in this case,
CA may be derived from the processing and operations of
carbon rich resources. In the last years, interest for
advanced manufacturing technologies applied to space
systems has increased, with several challenges to be
addressed yet.8–10 Cellulose derivatives can be used, for
example, as structural material for the realization of light
but resistant constructions, or as artificial graft to
improve plant growth in harsh environments and sustain
life in space. Grafting has been already proved as an effi-
cient strategy to increase crop production by an improved
nutrient intake and water usage, at the same time reduc-
ing the damage induced by soil-borne pathogens.11–15

Thanks to its large water absorption ability, 3D printed
CA structures can be used as replacements or supports to
plant roots, allowing a more efficacious absorption of
nutrients and, consequently, a more sustainable plant
growth.

CA can be 3D printed by means of Direct ink writing
(DIW), which is a 3D printing technique that uses a noz-
zle to extrude a liquid or semi-solid material (called ink)
in a controlled manner to create 3D structures.16,17 In
DIW, the ink is usually a complex mixture of a polymer
and a solvent, which allows it to flow through the nozzle
and solidify after deposition.18 The ink can also contain
other additives such as nanoparticles or fibers to enhance
the properties of the printed structure.7,19 The ink solid-
ifies rapidly after deposition, usually through solvent
evaporation or crosslinking. The solvent used depends on
the specific grade of CA, but common solvents include
acetone, chloroform, and methylene chloride. The con-
centration of CA and the choice of solvent can affect the
properties of the ink, such as its viscosity and solidifica-
tion behavior: for example, Liu et al. investigated the
properties of a mixture of CA, acetone, and water; while
Huang and Dean found better printability when adding
glycerol.4,20 The ink is loaded into a syringe or nozzle

and extruded onto a substrate in a controlled manner to
create the desired 3D structure. After printing, the CA
structure can be post-processed to improve its mechanical
properties. For example, the structure can be annealed or
cross-linked to increase its strength and stiffness.21 DIW
of CA has been used to fabricate a range of structures,
including microfluidic channels, scaffolds for tissue engi-
neering, and functional devices such as biosensors and
actuators.4,22,23 The versatility and biocompatibility of CA
make it an attractive material for 3D printing applica-
tions in biomedicine and beyond.

3D printing CA can be challenging due to some
limitations, mainly related to its melting temperature,
shear thinning behavior, and solubility.4,21,24 CA
has a high melting temperature, typically around
230�C–260�C, which can make it difficult to 3D print
using conventional extrusion-based 3D printers. Further-
more, CA is not very soluble in most common solvents,
which can make it challenging to prepare printable ink
or filament for 3D printing. Preparing a suitable ink or
filament may require additional processing steps, such as
dissolving the CA in a solvent and then evaporating the
solvent to leave behind a printable material.22

One of the most common solvents for CA is acetone:
the interactions between acetone and CA in solution play
an important role in various solution-based processing
methods, including 3D printing. Acetone is a highly polar
solvent that can dissolve CA due to its ability to hydrogen
bond with the acetyl groups on the polymer chains. The
hydrogen bonding between acetone and CA is driven by
the dipole–dipole interactions between the polar acetone
molecules and the acetyl groups on the polymer chains.
This interaction leads to the formation of a complex net-
work of intermolecular hydrogen bonds between the ace-
tone molecules and the acetyl groups on the CA chains.
The interactions between acetone and CA in solution can
be influenced by several factors, including the DS and the
molecular weight of the polymer, the temperature of the
solution, and the concentration of the solvent. For exam-
ple, as the DS of CA increases, the number of available
acetyl groups for hydrogen bonding with acetone also
increases, leading to a stronger interaction between the
two molecules. Similarly, as the molecular weight of the
polymer increases, the size of the polymer chains also
increases, leading to a greater surface area for interac-
tion with acetone.25 The concentration of the solvent
can also affect the interactions between acetone and
CA. At low concentrations of acetone, the number of
available solvent molecules for interaction with the
polymer chains is limited, leading to a weaker interac-
tion between the two molecules. These interactions
play an important role in various solution-based pro-
cessing methods, including 3D printing, where the
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solubility of CA in acetone is critical for the prepara-
tion of printable inks.

The state-of-the-art in DIW of CA make use of syringe
pumping systems.20,26,27 This has the major drawback of
a discontinuous fabrication, and it is not applicable for
large parts without considering complex operations of
syringe refilling, which may cause a poor quality of the
final printed part due to the interruption of the process.
In this contribution, we aim at demonstrating the appli-
cability of a continuous production of CA 3D printed
parts by means of a peristaltic pump. Furthermore, com-
mon solutions of CA in acetone for DIW do not exceed a
percentage of 35%.20,28 Several studies have been con-
ducted on the properties of the ink, but few took into
consideration the effect of printing parameters on the
final quality of printed parts. As the maximum concen-
tration of CA inside the printing ink currently repre-
sents a technological limit, as small pumping systems
are not able to operate solutions beyond a certain vis-
cosity. For example, Pattinson and Hart reported that
typical extrusion pressure is in the order of 1 MPa.26

Therefore, it is worth considering other strategies to
tailor the final properties of 3D printed parts. In this
contribution, we aim at investigating how the most
common printing conditions affect the density and
mechanical properties of CA samples printed by means
of Direct Ink Writing.

2 | EXPERIMENTAL SECTION

2.1 | Materials

CA powder (Mn = 29,000 g/mol, degree of acetylation = 2.5,
acetyl content = 40%) and acetone (>99.8% purity) were
purchased from Fluka and Sigma Aldrich, respectively.
Acetone was selected because it is a cheap solvent with a
high vapor pressure that evaporates quickly and may be
recycled if condensation systems are used.

To prepare a printable ink, CA powder was dissolved
in acetone and stirred overnight in a sealed backer to

obtain a viscous and homogeneous solution. Four differ-
ent concentrations of CA in acetone have been investi-
gated: 20% w/w, 25% w/w, 27% w/w, and 30% w/w. For
the investigation of the printing parameters, a batch solu-
tion of CA in acetone at 25% w/w has been prepared.

2.2 | Pumping system

The main problem related to the Direct Ink Writing
(DIW) printing technique is identified in the material
extrusion process. Usually, the printing material is stored
inside contused volumes such as syringes that are then
pressed by a linear actuator. This solution allows only
small volumes to be printed or makes it necessary to inter-
rupt the process for the reservoir refill.29 A versatile
extruding system, independent form the printing volume,
is obtainable by replacing the linear actuator with a volu-
metric pump, such as a peristaltic pump. The design of
the pump used in our experimental campaign is reported
in Figure 1A. A peristaltic pump offers multiple advan-
tages, for example it can displace aseptically various fluids
and it does not limit the printing volumes to the contents
of a syringe while achieving a precise dosage control.30

The volumetric flow rate of a peristaltic pump is iden-
tified by Equation (1).

Qnom ¼ π � r2i �ω � rh� roð Þ ð1Þ

ri and ro are the inner and outer radius of the silicone
tube respectively, ω the angular velocity of the pump and
rh is the peristaltic pump housing radius.31 However, the
presence of the roller reduces the displaced volume Vrot

from its nominal value Vnom as indicated in Equation (2).

V rot ¼Vnom�Vr �Nr ð2Þ

where Vr is the volume of the silicone tube occupied by a
single roller and Nr is the number of rollers of the peri-
staltic pump. Therefore, the average volumetric flow rate
Qa of the peristaltic pump is obtained as

FIGURE 1 (A) Design of the

5-rollers peristaltic pump use in this

work and (B) qualitative

representation of the oscillatory feed

rate for a complete rotation of the

pump head. The difference between

Qmax and Qmin represents the

amplitude of the volumetric

flow rate.
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Qa ¼
V rot �ω

2π
ð3Þ

The major disadvantage of this pumping systems is
represented by the pulsing at their output pressure
(Figure 1B). Pulsation is caused by the material redistri-
bution caused by the engaging and disengaging of the rol-
lers on the silicon tube. In DIW printing, the oscillatory
pressure produces an alternate lack or excess of the
printed material, lowering the dimensional accuracy of
the print. The pulsating component Qp of the volumetric
flow is determined by Equation (4).

Qp ¼
dVr

dt
ð4Þ

There will be multiple back-flow pulses equal to the
number of rollers for each complete revolution of
the rotor, and the frequency is provided by the number
of rollers multiplied by the rotor angular velocity,
given by

F Hzð Þ¼Nr �ω
60

ð5Þ

Although we did not record any major deviation from the
nominal dimensions of our samples, the pulsating flow
rate is a limitation to keep in mind when printing compo-
nents (especially small ones) requiring extreme dimen-
sional accuracy. For a more detailed analysis of the
performance of peristaltic pumps, we address the reader
to some recent articles.29–32

2.3 | Printer modification and
experimental campaigns

A Creality Ender 3 was chosen as the basis for building a
Direct Ink Writing-type 3D printer. The main characteris-
tics of the printer are shown in Table 1. To transform a
Fused Deposition Modeling (FDM) printer to a DIW
printer, modifications to the original printer were needed.
The DIW technique is ideal for printing materials in liq-
uid form such as solutions of CA in acetone (Figure 2A),
a working condition that does not required the printed
material to be heated. Therefore, the first step involved
removal of the hot end and the extruder. The extruder
has been replaced by a 5-roller peristaltic pump for han-
dling CA inside a silicone tube of diameter (3 mm) while
the hot end has been replaced by an extrusion nozzle of
diameter 0.3 mm. The CA ink is stored inside a sealed
reservoir during the entire printing process. To ensure
greater adhesion to the printing plate, the original

polymer sheet covering the printing plate was replaced
with a layer of Kapton® tape (Figure 2B).

2.3.1 | Ink concentration campaign

One experimental campaign was conducted to qualita-
tively investigate the influence of the CA ink concentra-
tion and its effect on the printed specimens' quality
(i.e. mechanical and thermal properties, shape and struc-
tural stability). The campaign was conducted using inks
with CA concentrations varying between 20% w/w and
30% w/w; the other printing parameters are indicated in
Table 2. Specimens were printed according to the dimen-
sions of the Type V specimen described in the ASTM

TABLE 1 Creality Ender 3 printer characteristics, as specified

on the manufacturer's website.

Specifications Value

Build volume [mm � mm � mm] 220 � 220 � 250

Resolution [μm] 100–300

Filament diameter [mm] 1.75

Nozzle diameter [mm] 0.4

Hot-end setup Bowden

Maximum print speed [mm/s] 180

Maximum extruder temperature [�C] 250

Maximum build plate temperature [�C] 100

FIGURE 2 (A) Starting CA ink for the printing experiment.

The ink is always kept in a sealed container to avoid evaporation of

the solvent. (B) Overview of the printing equipment. (C) Standard

3D printed sample.

SLEJKO ET AL. 3789
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D638-03 standard; an example of a printed sample is
reported in Figure 2C.

2.3.2 | Feed rate and evaporation control
campaign

A second campaign has been performed to investigate
the effect of the feed and evaporation rates. E-step values
and plate temperature have been varied in the range of
50–150 mm�1 and 30–50 �C, respectively. The other
parameters are indicated in Table 3. Ink with a CA con-
centration of 25% w/w has been used in all experiments
of this campaign.

To estimate the feed rate during printing, we used the
formulation in Equation (6). The feed rate Q is calculated
based on the nozzle radius r and the feed velocity vf. This
last quantity is linearly dependent on the E-step value,
since increasing the rotation of the stepper motor would
cause more material to be extruded.

Q¼ πr2vf ð6Þ

The value of the feed rate is fundamental when consider-
ing the rheological behavior of the ink, as larger feed
rates imply greater shear stresses. The feed rate of the
printer has been calibrated by extruding single strands of
ink based on a defined geometry, measuring the mass of
the printed material immediately after printing as a func-
tion of the selected E-step values. Results of the calibra-
tion procedure are reported in Table 4.

2.4 | Characterization

2.4.1 | Density

To reach complete evaporation of acetone, printed samples
have been left conditioning in a dry box for 3 days. Their
density has been estimated by dividing their weight for the

expected volume, as provided by CAD design. Even if this
represents a limitation since size deviations are often intro-
duced while printing via DIW, the use of the design volume
for the evaluation of relative density does not affect the
observed trends. Relative density has been calculated by
dividing the measured density of the sample by the refer-
ence density of bulky CA (equal to 1.3 g/cm3).33

2.4.2 | Mechanical

Uniaxial tensile tests and flexural tests, using a Shimadzu
AGS-X test system with a 10 kN load cell, were per-
formed to measure ultimate strength, modulus, and elon-
gation at break. Testing has been carried out in
accordance with ASTM D638-03 and ASTM D790-03.

2.4.3 | Thermal

Differential Scanning Calorimetry (DSC) has been car-
ried out using a Netzsch DSC 200 F3 Maia equipment
to examine the thermal behavior of samples. In alumi-
num crucibles, 5 mg of material was heated at a rate of
10 �C�min�1 from 50 �C to 300 �C. The materials' ther-
mal stability was assessed using a thermogravimetric
analysis, or TGA. Alumina crucibles containing 5 mg of
the sample were heated using a Netzsch STA 409 EP
instrument from 50 �C to 600 �C at a heating rate of
10 �C�min�1.

TABLE 4 Results of the feed rate calibration. The starting ink

had a density of 0.71 g/cm3 and the average printing time was

8.32 seconds.

E-step Mass (mg)
Calculated feed
rate (mm3 s�1)

50 22.7 3.9 ± 0.6

60 35.0 5.9 ± 0.9

100 24.0 4.1 ± 0.6

150 45.5 7.7 ± 1.2

TABLE 2 Printing parameters for the ink concentration

campaign.

Parameter Value

Line width (mm) 0.4

Layer height (mm) 0.2

Print speed (mm/s) 20

Infill density (%) 100

Raster orientation +45�/�45�

Bed temperature (�C) 45

TABLE 3 Printing parameters for the feed rate and

evaporation control campaign.

Parameter Value

Line width (mm) 0.3

Layer height (mm) 0.2

Print speed (mm/s) 50

Infill density (%) 100

Raster orientation +45�/�45�

3790 SLEJKO ET AL.
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2.4.4 | Rheological

Rheological characterization was carried out by means of
a TA Instrument Discovery Hybrid Rheometer HR1. The
tests were conducted at 20 �C using a plate-plate geome-
try (25 mm in diameter with the plates being 300 μm
apart). During the test, a solvent trap was installed to
avoid solvent evaporation. The viscosity was measured at
shear rate of 0.05–500 s�1.

2.4.5 | Infrared spectroscopy

Spectra of 3D printed samples were collected using a
Thermo Nicolet Nexus 470 Fourier Transform IR spec-
trometer equipped with an Avatar Diffuse Reflectance
accessory. The spectra were obtained between 400 and
4000 cm�1; the spectrometer's nominal resolution
was 2 cm�1.

2.4.6 | Thermomicrography

Drops of CA solution at 25% w/w have been casted on
alumina substrates and placed in a heat chamber. Tem-
perature has been varied from 30 �C to 59 �C, while the
shape change of the drop has been recorded by means of
a digital camera connected to the microscope.

2.4.7 | Water absorption

Before the test, samples have been conditioned in an
oven at 50 �C for 24 h, stored in a desiccator and weighed
immediately before immersion (m0). The samples are
then immersed in deionized water and their weight is
measured after 2 and 24 h (m). Test has been conducted
accordingly to ASTM D570-98. The absorbed water ratio
W has been calculated by Equation (7).

W ¼m�m0

m0
ð7Þ

3 | RESULTS AND DISCUSSION

By observing the change in viscosity with increasing
shear rate, the shear-thinning behavior of the CA inks
was assessed (Figure 3A). The shear thinning behavior
displayed by all inks is typical of pseudo plastic fluids,
which have low viscosity at high shear rates and vice

versa. This is due to the motion of CA molecules, which
tend to disentangle when shear is applied, reducing their
flow resistance. Consequently, viscosity decreases at high
shear rates.4,20,34 This is a fundamental characteristic for
printable inks: they should flow when shear stress is
applied to facilitate extrusion, but at the same time they
should retain their shape once the shear stress is removed
to avoid the collapse of the printed object.

Chemical characterization (Figure 3B) by means of
FTIR spectroscopy has been conducted on CA powder
and samples printed with inks having concentrations of
25% or 27% w/w. The FTIR spectra of 3D printed CA
have a distinctive peak at 1736 cm�1, which is connected
to C=O stretching. The peaks at 2948 cm�1 are attribut-
able to the symmetric and asymmetric C–H stretching
vibrations of methyl groups, while those at 1431 and
1368 cm�1 correspond to the symmetric and asymmetric
C–H bending vibrations, respectively. In addition, the
peaks at 1219 and 1031 cm�1, which are associated to
the C–O–C groups, are indicative of cellulose molecules.
Finally, the out-of-plane bending of OH groups is
thought to be responsible for the peak at 902 cm�1.26 The
identical FTIR spectra of CA powder and 3D printed
samples show that they have comparable chemical com-
position and structure. It is worth noting that the peak at
1703 cm�1, attributed to the carbonyl group of acetone
and clearly shown in the 25% wet spectrum, is missing
from dry samples since complete acetone evaporation has
been achieved before FTIR analysis.35

Thermal characterization of CA powder and printed
samples is presented in Figure 3C,D. DSC curves indicate
the typical melting process at 230�C, while TGA trends
show the standard degradation temperature at 355�C for
all samples, in accordance with the literature.36,37

Relative density and tensile test results for the ink
concentration campaign are shown in Figure 4. As can be
seen, the density of printed samples is measured in the
range 30%–36%, even when starting with CA concentra-
tions in solution as low as 20%. This can occur due to ace-
tone evaporation during printing, which subsequently
leads to the densification of the sample. As expected, the
higher the initial solution concentration the larger
the final measured density. Observed tensile resistance is
in the range of 32 to 37 MPa, while deformation at rup-
ture is measured between 10% and 13%. These values are
consistent with reference samples found in the litera-
ture.20 The reported mechanical properties do not present
significant and clear trends. We believe this is caused by
a synergetic effect of multiple factors: while, on one side,
an increase in CA concentration would produce denser
samples, on the other hand the homogeneity may not be
sufficient due to limited ink flow. As a consequence,
imperfections and defects are introduced in the material.

SLEJKO ET AL. 3791
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This could be the interpretation of the slightly lower ten-
sile strength and deformation at rupture for the 25% and
27% CA concentrations. Nevertheless, this behavior is
quite interesting, because it indicates that the common
range of solution concentrations does not allow sensi-
ble tailoring of the final properties of 3D printed parts.
To adjust the final properties, more concentrated solu-
tions have to be used, but this is technologically limited
unless complex and massive pumping systems are
used.26 In fact, lower CA concentrations would pro-
duce a fluid ink unable to retain its shape during print-
ing; on the opposite end, higher concentrations would
be difficult to extrude due to their viscosity. These
aspects are observed in multiple literature sources, all
indicating the best range of CA solutions with acetone

between 20% and 35%. The observed behavior, there-
fore, indicates that other strategies have to be applied
aiming at tailoring the printed part mechanical
properties.

We used the additional solution at 25% w/w CA in
acetone to investigate the effect of printing parameters on
the properties of printed parts. Two main parameters
have been varied in our experiments: E-step and plate
temperature. The E-step value is related to the amount of
extruded material per unit length; the larger this value
the more ink is deposited. The plate temperature is asso-
ciated with the evaporation rate of the solvent, that is,
acetone. High temperatures would allow fast evaporation
and, as a consequence, the densification of the printed
object as the material shrinks. We therefore expect that a

FIGURE 3 (A) Rheological

characterization of the starting ink:

all compositions indicate a shear-

thinning behavior during the flow

sweep test. (B) FTIR spectra of

printed samples; the peak at

1703 cm�1, associated to the

presence of acetone, is indicated by

the arrow on spectrum 25% wet.

Thermal characterization of printed

samples: (C) DSC curves and

(D) thermogravimetric analysis.

FIGURE 4 Mechanical

characterization of samples printed

from increasing concentration of CA

in the starting ink. (A) relative

density, (B) tensile strength and

(C) deformation at rupture.
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higher plate temperature would allow larger E-step
values, since a fast evaporation of acetone would signify
the possibility to extrude a larger fraction of ink. Results
of this experiment are reported in Figure 5A. The
observed metric to quantify the effect of E-steps and plate
temperature is the measured density of the printed object.
As can be seen, for low values of plate temperature the
trend is the expected ones: larger values of E-step are
associated to larger densities and an increase in tempera-
ture causes an increase in the measured density irrespec-
tive of the E-step value. In the range of 35�C–40�C, this
trend is inverted: increasing the temperature causes a
decrease of the part density. This is associated to an
excessive over extrusion, which causes the part printing
to fail as portions of the extruded ink are deposited, for
example, on the nozzle or are carried outside the geome-
try of the object due to the motion of the print head. The
effect of this inefficient deposition is that printing failed
and the part presented a lower density due to material
waste. The observed over extrusion at high temperatures
is mainly associated to the easier flow and reduced shape
retention characteristics of the ink, resulting from the
change in viscosity of the material. Furthermore, an
enhanced evaporation rate of acetone would cause
an unstable extrusion and ink deposition, making the
printing process difficult to maintain over time.

The E-step value is associated to the feed rate, which
represents the amount of material being extruded. If we
represent the relationship between feed rate and
observed density, we identify a linear trend irrespective
of plate temperature (Figure 5B). This is consistent with
Equation (6). An increase of the feed rate means more
ink is extruded and the density of the final printed object
increases as well.

The behavior observed in Figure 5A can be associated
to the lower diffusion of solvent through the solid poly-
meric skin formed during the evaporation from the

surface of the deposited strand. To substantiate this idea,
we performed a series of thermal micrographs of ink
drops, analyzing the variation of the cross section of the
drop. Temperature has been changed from 25�C to 60�C,
allowing complete evaporation of acetone.

A polymer-rich region forms on the surface of the ink
drop during solvent desorption (Figure 6). The skin
begins to form when the polymer concentration reaches
a specified value (gelation point).38 As a result of desorp-
tion, solvent from the liquid region penetrates the skin
and passes through the porous structure. A substantial
pressure gradient is required to pull the solvent through
the porous network in this manner.39 Since the pressure
gradient in the skin governs the solvent flow, the liquid
flux at any given moment may be calculated using
Darcy's equation, which relates the flux to the pressure
gradient.

Jz ¼�k
μ

∂p
∂z

ð8Þ

In Equation (8), k is the permeability of the skin and μ is
the viscosity of the solvent. When the polymer reaches its
gelation point, the permeability is expected to decrease,
resulting in a lower flux. Consequently, the internal pres-
sure rises due to solvent evaporation at temperatures
close to the boiling point of acetone. This pressure gradi-
ent induces strains inside the skin layer, which may
deform in response to the tensional state. Drop skin
expansion may generate openings within the polymeric

FIGURE 5 (A) Relative density of printed samples as a

function of plate temperature and E-step value. (B) Influence of the

feed rate and plate temperature on the relative density of printed

samples.

FIGURE 6 Analysis of the cross section of CA ink drops as a

function of temperature: profile of the temperature ramp (red line)

and measured variation of the cross section area (blue line) of the

ink drop. The cross section reduction is interrupted by the

formation of a skin layer (subjected to mechanical stresses due to

internal pressure caused by solvent evaporation). The area

reduction proceeds again when the continuous skin layer is

interrupted (gaps) and acetone can flow outside the drop.
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gel structure, for example due to disentanglement of
polymeric coils, allowing for easier permeation through
the skin. As a result, desorption proceeds further and the
cross section of the droplet decreases once more. We
believe the intermediate expansion stage, observed in the
temperature range of 40�C–60�C, is responsible for
the lower quality and dimensional instability of printed
samples reported in Figure 5A. The expansion causes
oozing of material and nozzle clogging during printing
and, as a consequence, a failed part. The observed tem-
perature range associated to drop expansion is in accor-
dance with the printing plate temperatures at which
failure of samples starts to occur.

Mechanical properties of sample printed at various
E-step values are reported in Figure 7A–D. As can be
seen, increasing the E-step determines a denser printed
sample, with an analogous trend for the elastic modulus
and, to some extent, to the tensile strength of the mate-
rial. It is well known that there is a direct relationship
between the density of a material and its modulus: the
elastic modulus E can be written as the ratio between
stress σ and strain ε, which are proportional to the
applied external force F over the resisting area A and the
relative change of length of the sample (ΔL/L)

E¼ σ

ε
¼ F
A

L
ΔL

ð9Þ

By multiplying for L, Equation (9) reads

E¼ FL2

ALð ÞΔL ð10Þ

The term in round brackets represents the volume V of
the sample, and by substituting the definition of density ρ
as the ratio between mass m and volume V, we obtain

E¼ FL2

mΔL
ρ ð11Þ

Equation (11) clearly indicates the theoretical relation-
ship between modulus and density. Rearranging it, we
can write

E¼E0
ρ

ρ0

� �
ð12Þ

In Equation (12), E0 represents the modulus of the bulk
material (with ρ0 = 1.3 g/cm3).33 The term in round
brackets, therefore, indicates the relative density of
printed samples. The linear trend is reported in
Figure 8A, where the flexural modulus is measured for
various samples with different densities. The slope of the
dashed line indicated in the plot is very close to the litera-
ture value of the flexural modulus for a bulky sample of
CA, which is around 4 GPa.37 The lower value of the
slope and, therefore, the predicted flexural modulus for
the bulk material may be associated to the unavoidable
defects and voids created during 3D printing. While
depositing layers of material, perfect and complete vol-
ume filling is not achievable because of the viscous flow
of the ink. This effect strongly depends upon layer height
and line width.40

FIGURE 7 Mechanical characterization of printed samples

with different E-step values: (A) relative density, (B) tensile

strength, (C) deformation at rupture and d) elastic modulus.

FIGURE 8 (A) Flexural modulus of samples with increasing

relative densities, as obtained from the CA concentration campaign

and from the feed rate and evaporation control campaign.

(B) Water absorption as a function of time for sample with different

relative densities.
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From Figure 8A we can appreciate also the wider
degree of control over the properties of 3D printed sam-
ples by varying the printing parameters, compared to the
limited observed range of density (and mechanical prop-
erties) obtained when using different concentration of
CA in the starting ink. This indicates that printing condi-
tions have a strong influence on the quality and charac-
teristics of printed materials, and therefore are a critical
feature for the optimization of the object properties, as
already reported in literature for, for example, polymers
printed by Fused Deposition Modeling.41–44

To be used for the development of artificial roots, a
material should possess specific characteristics related to
its water absorption. Indeed, CA is a hygroscopic mate-
rial that tends to absorb water and moisture. As a result,
water absorption can cause swelling, shrinkage, defor-
mation and a change of rigidity of the polymer. Experi-
mental absorption as a function of time is reported in
Figure 8B: as can be seen, three different samples with
increasing densities have been tested: 26%, 33% and 38%
relative density. Cellulose-based materials are well
known for their hygroscopic behavior, mainly related to
the presence of hydroxyl groups inside the molecular
chains of cellulose. As indicated by the results, the water
content increases with time, with a larger content of
water inside samples with low density. Lower densi-
ties are associated to a larger free volume where water
can diffuse and, therefore, a faster kinetics and a
larger final content of water are expected. The diffu-
sion of water inside polymers can be divided in three
different classes, based on the relative rate of diffusion
and polymer relaxation: if the diffusive transport rate
is higher than polymer relaxation we talk about Fick-
ian diffusion; otherwise we are in a Case-II
condition.45–48 When the two rates are comparable,
the third class is defined as anomalous or non-Fickian
diffusion. Analytical models have been introduced for
studying the absorption/retention of solvent from
polymers; one of the most common is the empirical
power law equation derived by Crank and reported in
the general simplified form in Equation (13).45,49,50

M
M∞

¼ ktn ð13Þ

where M is the mass of water absorbed at time t, M∞ is
the mass of water absorbed at equilibrium, k is a charac-
teristic constant and n is the diffusional exponent. By fit-
ting our experimental data with Equation (13), the values
of k and n can be determined. They are reported in
Table 5: as can be seen, the value of the diffusional expo-
nent is always lower than 0.43, a critical threshold below
which the mechanism of transport can be reconducted to

Fickian diffusion.51 This is consistent with the shape of
the water absorption experimental data in Figure 8B,
where no sigmoid trend is observed (characteristic of a
Case-II transport as reported by Khoshtinat et al.52). The
Fickian diffusion can be related to the high concentration
of water into the external layer of CA samples, as a result
of the wet test condition of our experiments, causing a
smooth concentration profile of permeant into the thick-
ness of the material. In fact, the anomalous diffusion has
been linked to the presence of a sharp interface that sepa-
rates the swollen external rubbery layers of the material
from the inner dry glassy regions.48 Mechanical stresses
are associated with this configuration, resulting in an
anisotropic diffusion coefficient. It is believed that our
smooth and homogeneous diffusion is related to the low
density of our samples, while anomalous diffusion has
been reported for bulky thin membranes of CA.52 Our
interpretation is supported also by the trend in the char-
acteristic constant k: its value is proportional to the diffu-
sion coefficient of the system.49,50 In our experiment,
lower densities are associated to an easier diffusion of
water molecules within the CA network. As a result, the
diffusion coefficient is expected to be large in low density
samples.

The ability to fine-tune the mechanical properties
(within the range of natural plants' roots) and water
absorbance on 3D printed CA is an important character-
istic for potential applications in plant science and
bioengineering.20,53

4 | CONCLUSIONS

In this contribution, a detailed analysis of the properties
of 3D printed CA standard samples has been presented.
The extrusion-based printer has been modified to be able
to work in a continuous fashion by means of a peristaltic
pump. This setup is an important feature for the fabrica-
tion of large and extensive objects via Direct Ink Writing.
The preservation of chemical and thermal properties,
while providing a wide degree of control in terms of den-
sity and mechanical properties, indicates the effectiveness

TABLE 5 Values of the characteristic constants and diffusional

exponent for water absorption power law of samples with

increasing relative density.

Parameter 26% 33% 38%

Characteristic
constant k

0.678 ± 0.019 0.488 ± 0.022 0.374 ± 0.009

Diffusional
exponent n

0.082 ± 0.010 0.133 ± 0.005 0.187 ± 0.003
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of this fabrication configuration. The right combination
of printing parameters allows a greater control on the
final properties of printed objects, a strategy that relies
on the proper balance between the evaporation and the
feed rates. The proposed approach is especially benefi-
cial when compared to the state-of-the-art strategies of
CA 3D printing, which usually rely on increasing the
concentration of CA in the starting ink but result only
in limited improvements of the mechanical properties.
Better results are obtained by adapting the printing
parameters to the desired final characteristics of the
printed object. The water absorption properties of
printed CA indicate that lower densities are associated
to faster kinetics and a larger final content of absorbed
water. The ability to control the density and the
mechanical properties of CA printed objects is critical
for the development of functional structures for applica-
tions in the context of bioengineering and plant science,
where the renewable and biological nature of CA is a
key factor for its compatibility with natural materials
like plant roots. This can be exploited, for example, for
extraterrestrial applications, where the harsh environ-
ment represents an obstacle for the development of
organic plants growth and, in general terms, to sustain
life in space.
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