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The mechanical and printing performance of a new biomaterial, flax fibre-reinforced alginate-poloxamer
based hydrogel, for load-bearing and 4D printing biomedical applications is described in this study.
The-self suspendable ability of the material was evaluated by optimising the printing parameters and
conducting a collapse test. 1% of the flax fibre weight fraction was sufficient to obtain an optimum
hydrogel composite from a mechanical perspective. The collapse test showed that the addition of flax
fibres allowed a consistent print without support over longer distances (8 and 10 mm) than the
unreinforced hydrogel. The addition of 1% of flax fibres increased the viscosity by 39% and 129% at strain
rates of 1 rad s~ and 5 rad s}, respectively, compared to the unreinforced hydrogel. The distributions
of fibre size and orientation inside the material were also evaluated to identify the internal morphology
of the material. The difference of coefficients of moisture expansion between the printing direction
(1.29 x 107%) and the transverse direction (6.03 x 107%) showed potential for hygromorphic actuation in

Received 27th January 2024, 4D printing. The actuation authority was demonstrated by printing a [0°; 90°] stacking sequence and

Accepted 26th April 2024 rosette-like structures, which were then actuated using humidity gradients. Adding fibres to the hydrogel
improved the repeatability of the actuation, while lowering the actuation authority from 0.11 mm™ to

0.08 mm™L. Overall, this study highlighted the structural and actuation-related benefits of adding flax
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1 Introduction

Hydrogels are extensively used in many biomedical applica-
tions, such as 3D cell cultures,"”” wound healing® and bone
repair.* These can be natural (e.g. collagen, fibrin, hyaluronic
acid (HA), alginate), synthetic (polyvinyl alcohol (PVA), (poly-
ethylene glycol (PEG))), poly(N-isopropylacrylamide) (PNIPAm)
or semi-synthetic (HA-PEG).” Natural hydrogels based on algi-
nate are one of the most widespread biomaterial used in tissue
engineering.® However, alginate-based solutions are complex to
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print due to their low viscosity.® Hence, alginate can be com-
bined with the surfactant poloxamer, for instance, as wound
dressing materials” or for 3D bioprinting.® However, the range
of accessible mechanical properties in hydrogels is somewhat
limited, and precludes their more widespread adoption in
materials science.

Techniques such as the addition of tannic acid and Fe** ions
to strengthen and toughen alginate hydrogels were previously
developed.” The addition of fibre was observed to have the
same potential.'® Alginate/poloxamer gels could also be used as
multifunctional platforms to carry electric currents."* Particles
can be added to these hydrogels for changing their mechanical
and biomedical properties.'*"* When added to hydrogels, flax
fibres have shown cytocompatibility and biosafety."* These
fibres were implemented as a net in PVA hydrogel to highlight
their greater mechanical properties, water absorption capability
but lower thermal stability compared to polypropylene and jute
reinforced PVA hydrogels.'®> However, to the authors’ knowl-
edge, flax fibres have not been evaluated to reinforce alginate-
based hydrogels. Fig. 1 features the stiffness and corresponding
tensile loading rates for alginate hydrogels found in open
literature. The papers from which these data were extracted
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Fig. 1 Open literature data related to loading speed and Young's modulus
(Ey) of alginate-based hydrogels 16~

were selected as papers answering to the following web of
science search: (all fields: 3d print* AND All fields: alginate
AND all fields: hydrogel AND All fields: tensile).

From Fig. 1, it is clear that there is a significant variation in
stiffness among the currently available 3D-printed alginate
hydrogels. This variation can be attributed to differences in
loading rates, specimen shapes, hydrogel constituents-(polox-
amer,*® sodium alginate®®), and production processes. For
instance, the addition of poloxamer into alginate-based hydro-
gel was shown to improve the compression stiffness of the
material.® Crosslinking strategies also introduce variability in
the stiffness of the hydrogel. For instance, Bari et al. used a
mixture of a 2% calcium chloride and 5% protamine solution™®
to cross link their hydrogel for 1 hour. On the other hand,
Gharai et al. immersed the hydrogel studied in a 4% CaCl,
solution for 30 minutes.® The wide range of results reflects the
diverse nature of these factors. For instance, Kaliampakou et al.
have optimised the printing conditions of 3D printed hydrogels to
obtain the optimal printing precision.*® With such a large scatter
of mechanical properties due to the diversity of the influencing
parameters, researchers would benefit from improved modelling
of the material. For instance, representative volume element
models are used to forecast the macroscopic properties of a
composite material consisting of a hydrogel and its microscale
reinforcement. The range of strain considered for the measure-
ment of the Young’s modulus also varies significantly within the
different studies considered. Furthermore, it is important to note
that the measurements of Young’s modulus often provide a
representation of stiffness within a limited range of material
deformations. To obtain a more comprehensive understanding
of the hydrogel’s behaviour over a wider range of strains, it
becomes necessary to employ appropriate material models.
Several models have been developed to characterize the mechan-
ical properties of hydrogels, including the Neo-Hookean, Mooney-
Rivlin, Yeoh, and Biderman models. These models enable a more
accurate and comprehensive characterisation of the mechanical
response of hydrogels, enhancing our understanding of their
behaviour under various loading conditions.** The characterisa-
tion of the materials using these mechanical models also allows a
better quantitative appreciation of the variability of the properties
highlighted in Fig. 1.

Several papers have highlighted the potential deformation
and actuation potential of hydrogel systems.*>** Gelatin fibres
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have provided 4D printing capabilities in hydrogels.** Baker
et al. have produced 4D printing multilayer origami-shaped
structures from non-reinforced polyurethane-based hydrogels
origami-shaped structures.*® Bakarich et al. created a thermally
PNIPAAm-actuated hydrogel valve to open or close, depending
on the temperature of the water.*® This class of hydrogel was
remarkable for its robustness and polymer-type of behaviour,
with an elastic and a plastic phase when loaded in tension. All
these studies have shown interesting potential for hydrogels to
be used as 4D printed actuators. However, few of them have
displayed ways of improving the actuation capability of one
material such as.”” Flax fibres have shown some significant
potential as reinforcement in 4D printed fibre composites.*5*°
However, they have never been combined with hydrogels to
create actuation-capable structures.

The present work targets the following objectives, to under-
stand the mechanical and actuation potential of the new
material created:

e To develop a new composite material of alginate/polox-
amer hydrogel reinforced by flax fibres.

e To evaluate the printability of the material, as well as
the impact on the printability provided by the presence of the
flax fibres.

e To evaluate the mechanical performance of the hydrogel/
flax fibre composite material.

e To characterize the external and internal architecture of
the composite material.

e To assess the ability of this material to construct 4D
printed structures.

Several parameters were assessed to produce an optimised
version of this hydrogel composite. The printability of the
optimised material was assessed via collapse and fusion fila-
ment tests to assess its self-suspendable ability and resolution,
respectively. 3D printing annulus scaffold was also conducted
to demonstrate the repeatability of the constructs obtained
with added flax fibres. The mechanical potential of this mate-
rial was evaluated via tensile and shear using uniaxial tensile
machines and a rheometer. The parameters of hyperelastic
Mooney-Rivlin models were also obtained further to character-
ise the behaviour of the hydrogel without fibres. The annulus
scaffold is a shape widely found in the human body. Hence, the
constructs were tested in compression to provide the order of
magnitude comparison with matter found in living beings. The
mechanics of the flax fibres was analysed via single-fibre tensile
testing to assess better the impact of the reinforcement on the
hydrogel matrix. The internal architecture of the hydrogel/
fibres composite was investigated via scanning electron micro-
scopy, computed tomography (CT) scanner and optical micro-
scopy. Those topological data provided the information to
generate a representative volume element of the composite
material. Finally, the potential for this fibre-reinforced hydrogel
composite in 4D printing was determined by measuring
the ability of the material to expand and contract deferentially
in various directions. Finally, a rose window-shaped construct
was 4D printed to highlight the actuation potential of
the material.

This journal is © The Royal Society of Chemistry 2024
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2 Methods and production
2.1 Flax fibre production

Continuous flax fibres from ecothechnilin were manually cut to
approximately 1 cm long and then placed in a planetary ball
mill. The fibres were milled for 15 min with 30 mm diameter
balls at 650 rpm with a minute pause for every minute of
milling. The fibres were then milled for 15 min at 650 rpm with
10 mm balls, pausing three minutes every minute of the
operation. With this procedure, the resulting fibres had suffi-
ciently small dimensions for extrusion with a 3D printer.

2.2 Hydrogel production

The composite hydrogel was produced by mixing the different
components presented in Table 1. The poloxamer and sodium
alginate were purchased from Sigma-Aldrich with a viscosity of
5-40 cps at 1% in water at 25 °C and a quality level of 400. The
poloxamer 407 had a quality level of 100. The details of the
hydrogel production procedure are given in Table S1 in ESL.} As
shown in Fig. 2, the specimens for the different tests were
printed with an Inkredible + ™ Cellink printer with a nozzle
(length: 6.35 mm; diameter: 0.838 mm) kept at 37 °C. The
speed of the printing head during extrusion was constant at
240 mm min~'. The specimen was cross-linked in a 10 mM
solution of calcium chloride for 24 h before the different tests
were performed. The extrusion pressures are 40, 75, 75, 70, 70,
80 and 85 kPa for flax fibre weight fraction 0%, 5%, 10%, 15%,
25% and 35%, respectively.

2.3 Single fibre tests

Flax fibres with 40 mm gauge length were glued to end tabs
with Loctite super glue on each side. After 24 hours of glue
drying, the five fibres were inserted into the uncross-linked
hydrogel. The hydrogel was then cross-linked with 10 mM
calcium chloride for 24 h. The six dried and five wet fibres

Table 1 Weight proportion of material in the hydrogel

Sodium
Material Water alginate Poloxamer Flax fibre Calcium chloride
Ratio 69.8% 6.0% 13.2% 1.0% 10.0% (200 mM)

, sy ‘ :d.. .
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Fig. 2 Production of the composite hydrogel. (a) Flax fibres (b) hydrogel
chemicals (from left to right: sodium alginate; poloxamer 407; calcium
chloride dihydrate). (c) SpeedMixer DAC 150.1 FVZ centrifuge used to mix
the hydrogel and the flax fibres. (d) Cellink+ bio printer used to prepare the
composite.
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had their diameters measured via microscope inspection
(Axioscope Zeiss). Each fibre had five images taken along its
gauge length to measure two different diameter values on each
image. A Dia-Stron LEX820 extensometer machine (Dia-Stron
Limited, Andover, UK) with a 20 N load cell and a strain rate of
0.02 mm s ' was then used to run the single fibre tests
following the protocol suggested by Kandemir et al.>°

2.4 Fibre dimensions

The fibres were crushed and therefore, a myriad of fibres sizes
were obtained and were used to reinforce the hydrogel. The
dimensions of the fibre were quantified to understand their
impact on the properties of the reinforced hydrogel. First, flax
fibres were selected using the same method as for the produc-
tion of flax fibre-reinforced hydrogels. Deionised water was
added inside a Petri dish containing fibres, which was then
positioned in a FASEP machine (IDM systems). The machine
was calibrated to measure the width, aspect ratio and length of
all fibres with a length larger than 50 um.

An image data processing technique was also used to mea-
sure the dimensions of the flax fibres. A Petri dish containing
fibres and deionized water was placed under the microscope,
and ten polarized images were captured using a 10x objective
lens. These images were then converted to grayscale with the
python function convert (“L”) to enable differentiation between
the fibres and the background. The centroid position for each
block of black pixels, corresponding to the fibres, was calculated
to determine the dimensions. The length of the fibre represented
by this block of pixels was determined as twice the distance
between the centroid, and the pixel furthest away from the
centroid. The width of the fibre was measured from the inter-
section between the contour of the block and the perpendicular
straight line to the length of the fibre. These measurements of
the width, length and determination of the aspect ratio were
repeated for all the black blocks. To combine the measurements
obtained using the FASEP and the microscope-based techniques,
a common interval of measurement sizes between 50 um and
100 pm was selected. The number of fibres measured using the
microscope-based approach was then increased to match the
number of fibres falling within this common range. The num-
bers of fibres measured using the two techniques were finally
assembled and histogram distributions were obtained. The
distributions of the length widths and aspect ratio were then
interpolated using eqn (1) with (a, b, ¢, d, e, f; g, h, k) € R°.

f@=axe P +exe™rexxP+fxxP+gxx+th+hx

1)

The interpolation functions for the length and the width
were obtained using the minimize function from the scipy
module in python. The interpolation function for the aspect
ratio was obtained using the fit function of Matlab. A three-
parameter distribution can provide a comprehensive character-
isation of the fibres within the hydrogel. The distribution must
however fit the relation presented in eqn (2). In this eqn (1), ar
and w represent length, aspect ratio and width, respectively.
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I=arxw (2)

To generate a list of fibre dimensions that adhered to these
constraints, approximately 400 000 data points were used, ensur-
ing compliance with the previously measured distribution. Per-
mutations of the aspect ratio data points were then performed to
obtain the optimal length distribution. This was achieved by
calculating the product of each aspect ratio and width term.
A genetic algorithm was then used to obtain the optimal
permutation of the aspect ratio data points. The objective
function of the optimisation was the minimisation of the
Euclidean norm between the values of the length obtained via
the algorithm and the ones extracted from the tests.

2.5 Tensile test

The specimens were subjected to tensile loading using a
Starrett FMS500 machine with a 10 N load cell and a loading
speed of 1 mm min~", as suggested by the ASTM D3039
standard for composite materials. The dog bone shape and
the dimensions of the specimens printed for the tests are
shown in Fig. S1 in ESL{ A minimum of five specimens were
used for each conducted test. The precise dimensions of the
specimens were measured by capturing photos and analyzing
them using Image] Fiji software. The properties obtained from
the tensile tests were measured by considering smoothed load
data that was averaged over seven data points over 0.001 mm
displacement range.

Across all fibre content variations, the stress—strain curves
exhibit a distinct inflexion point (see Fig. S2 in ESIY), effectively
dividing each curve into two distinct regions. A modulus is
therefore defined on each side of the inflexion point: E;
between 0 pe and 10000 pe and E, between 50000 ue and
70000 we. The maximum load point was considered to deter-
mine the strength () and the value of the strain at failure ().
The point of maximum load is also used as a limit to calculate
the area under the curve and therefore a representation of the
energy dissipated during the fracture of the specimen. KrusKal
Wallis test were conducted to observe the impact of the amount
of flax fibre added on the stiffness of the composite.

2.5.1 CT scanning. One tensile test specimen was
inspected using a CT scanner (Nikon XTH320 with a 50 kv
voltage, scanning current of 250 pA). The resolution of the run
was 6 pm over 2000 images. The CT scanner was used to obtain
a conservative estimate of the porosity of the hydrogel based on
voids larger than 6 um.>" The stack of images obtained from the
scan was divided into five different sections along the length of
the specimen.

2.5.2 Hydrogel properties. A two-parameter Mooney Rivlin
model was used to interpolate the mechanical behaviour of the
hydrogel.”> Stress-strain data from the tensile tests were
uploaded to the ANSYS Multiphysics code to identify the C10
and C01 coefficients characteristics of this model.

2.6 Collapse test

A raise 3D pro plus printer was used to produce the poly(lactic
acid) support for the collapse tests. Initial trials were performed
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to define the gap distances of the support. The final dimen-
sions of the support for the collapse test are 4 mm, 5 mm,
6 mm, 8 mm and 10 mm. The support has similar geometry
than the one used by previous studies®*° The material was
printed on the edge of the support with an EPL zoom webcam
2MPixel camera positioned on the side of the printer to record
the procedure. The footage from the camera was utilized to
determine the time at which the specimen failed. The starting
point for the time measurement corresponded to the moment
when the printer nozzle was positioned on top of the initial
edge of the support. After the printing process was completed,
approximately 150 s were allowed to elapse to observe if any
material failure occurred. For each printing parameter tested,
ten specimens were used.

2.7 Fusion filament test

Five specimens were prepared with 1% and without flax fibres.
The distance between filaments ranges from 0.5 mm to 2.1 mm
with a 0.1 mm increase increment, as shown in Fig. S3 in ESL{
Immediately after the print, a photo on top of the printed
structure was taken. The distance between filaments, the width
of the filament and the width of the corners were measured
from this photo in Matlab.

2.8 Annulus scaffold

Fig. S4 in ESI,t shows the printing path used to print the ten
annulus scaffold used as specimens. The annulus scaffold was
crosslinked before compression and dimensions measure-
ment. The compression tests were performed using a Starrett
FMS500 machine with a 10 N load cell and a loading speed of
1 mm min~', until 8 N were reached. The modulus was
measured between 1000 um and 3000 pm, as suggested by
the ASTM D6641 standard and shown in Fig. S5 in ESL{

2.9 Rheology test

The specimens, dimensions and the G-code used for the test are
presented in Fig. S6 in ESL.{ The rheometry tests were carried out
at 1 Hz as suggested by the developer of the equipment (Dis-
covery Rheometer HR2) to test collagen®® and alginate-based
hydrogels.>” > The frequency used also allowed the character-
isation of the hydrogel under quasi-static conditions. The test
was carried out at 25 °C in a strain sweep mode ranging from
107% to 10'% as shown via the stress strain curves in Fig. S7 in
ESL.} The stiffening coefficient (SC) was calculated from eqn (3),
with uginre being the viscosity of the reinforced material, tnoribre
the viscosity of the not reinforced material and Wiy the fibre
weight fraction of the reinforcement:

SC = HFibre — :uNol-‘ibre/WFibre (3)
HNoFibre

2.10 Orientation of the fibres

Although the fibres were generally aligned along the printing
direction due to the shearing in the nozzle during the extrusion,
they exhibited some discontinuity in terms of distribution. To
estimate this spatial distribution, a tensile test specimen was cut

This journal is © The Royal Society of Chemistry 2024
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along the width and thickness directions in a bevel with a sharp
blade. The surfaces were then positioned in a high vacuum SEM
to acquire back-scattered electron images with a 15 kV electron
beam. A 100x magnification was considered sufficient to obtain
the images and allowed the identification of 200 fibres for the
measurement. In the case of perfectly cylindrical fibres, if a fibre
is cut at a bevel, the largest dimension observed from the top
view represents the in-plane orientation of the fibre itself. The
flax fibres are not perfectly cylindrical, hence it was not always
clear if the largest dimension was due to the orientation of the
fibre, or to the shape of the flax fibre itself. As a result, a
significant portion of the fibres was disregarded in this measure-
ment. Additionally, an assumption of symmetry was made for
the two measuring angles to determine the final distributions of
the fibres.

2.11 Density and coefficient of moisture expansion

The density and the coefficient of moisture expansion were
measured for 0% and 1% fibre weight fractions. At least five
specimens with 20 mm x 20 mm x 10 layers (printing path and
geometry can be found in Fig. S8 in ESIT) were produced for
each type of composite material. The dimensions of the speci-
mens (length [, width w; thickness ¢) and the mass m of the
specimens were measured wet, immediately after cross-linking.
The length, width and thickness correspond to the x, y and z
directions in Fig. S8 (ESIY).

The dimensions of the material in the wet state were
measured by taking photos of the top and side views of the
specimen and measuring five times the associated dimensions
with Image] Fiji. The mass was measured with a 0.001 g
resolution Ohaus Adventurer™ Precision balance. The density
(p) and coefficient of moisture expansion (CME) were calculated
with eqn (4) and (5) (with d € {I, ¢, w}):

p=ml(l x dxw) (4)

(pwet - pdry) / Pary x 100

(Myer — Mary) /mary x 100

CME = (5)

After performing those measurements, the specimens were
dried at room temperature and humidity before measuring their
dimensions and mass again (see Fig. S8(c), ESIt). The measure-
ments in the dried state were performed when the mass of the
specimens converged to a stable value after 72 h in excess. The
volume of the specimens was measured in their dried state using
the EX;can-SP 3D scanner from Shining 3D. An example of the
volume (v) obtained from this scan is given in Fig. S8(d) (ESIt).
The density of the dry specimens was calculated from eqn (6).

p=mp (6)

A Mann-Whitney U test was conducted at 0.05 significance level,
to show any significant difference of expansion between directions.

2.12 4D printing

Fig. S9 in ESIL,1 shows the printing path for the eight [0°, 90°]
specimens. After printing, the hydrogels were cross-linked and

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

then positioned on a polytetrafluoroethylene (PTFE) film to dry.
Side-view photos were taken with Allied Vision 1800 U-234 m
after 24 hours when the specimens stopped moving. These
photos were imported in Matlab. Eight points were positioned
on the photo along the length of the specimens. Finally, the
curvature of the specimen was measured by interpolating these
points. Fig. S10 in ESI,{ shows the printing path as well as the
geometry of the print used for the part designed to demonstrate
the 4D printing capabilities. The cross-linked rosette was then
positioned on a PTFE sheet to avoid abrasion. The part was left
in a controlled environment room at 23 °C and 42% relative
humidity. The actuation was recorded with an EPL zoom
webcam 2 MPixel camera.

3 Results and discussion
3.1 Single fibres test

A single fibre test was used to determine, the impact of the
alginate-poloxamer hydrogel on the flax fibres. It was also used
to gain a better understanding of the role of the fibres in the
mechanics of the hydrogel composites. The stress-strain curves
used to obtain the modulus of the wet and dried flax fibres are
presented in Fig. 3(a) and (b), respectively. Five values for the
dried specimens and four for the wet specimens were consid-
ered by removing outliers until the coefficient of variation
became lower than 30%. The resulting moduli were 394.1 +
88.2 MPa and 786.1 + 224.6 MPa as shown in Fig. 3(c). The
humidity conditioning halved the stiffness, giving a knock-
down ratio y of 50.1%. This showed that the hydrogel as a
surrounding matrix had a significant negative impact on the
properties of the overall composite. The flax fibre has the
potential to be even more efficient when considering other
hydrogel compositions.

3.1.1 Dimensions of the fibre after milling. The technique
used to mill the flax fibres (see Fig. 4(a)) created a distribution
in the size of the reinforcements. Fig. 4 presents the images
(Fig. 4(b) and (c)) and the flax fibre length distributions
(Fig. 4(d) and (e)) obtained during the test.

The distribution of the fibres length and width are presented
in Fig. 5(c) and (d), respectively. Fig. 5 shows that 90% of the
fibres are for the most part below 25 pm in length and 15 pm in
width. The great majority of the fibres (95% of them) have
aspect ratios between 1 and 5 (Fig. 5(c) and (d)) and can be
therefore classified as being powder-like. The Cox-Krenchel
equation shows that the longer the fibres, the stiffer the
reinforced composite.®”®! Further increase in terms of stiffness

fa] ] 1200 e
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Fig. 3 Stress—strain curves for the single fibre testing tests conducted
with (a) dry fibres (b) wet fibres. (c) Distribution of Young's modulus.
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Fig. 4 Procedure to measure the properties of the flax fibres. (a) raw
milled fibres. (b) Example of microscope image taken to measure the
dimension of the fibres. The length here ranges between 1 and 50 um.
(c) Example of image taken by the IDM system FASEP machine to obtain
the dimensions of the fibres if their length ranges between 50 pm and
300 um. (d) Histogram of the distribution of the fibres lengths measured
with the optical microscope. (e) Histogram of the distribution of the
lengths for fibres dimensions measured with the FASEP machine.

could also be achieved by improving the ball mill process. Table
in Fig. 5(e) indicates the coefficients of the interpolation
functions of the three structural properties evaluated. The
coefficients of correlation are equal to 0.991, 0.998 and 09975
for the length, width and aspect ratio, respectively. The genetic
algorithm used to obtain a fibre size distribution representative
of the material was implemented with a population size of
2200, population deleted each round of 1800, best population
going to the next round of 100 and the number of crossovers
per round equal to 100. The maximum correlation coefficient
obtained via the algorithm was 0.97.

3.2 Select fibre weight fraction

3.2.1 Printing. Fig. 6 shows the different testing para-
meters used to print the alginate-poloxamer hydrogels with
different weight fractions of flax fibre. The failed prints
involved insufficient extrusion of material, or discontinuous
extrusion. The unsuccessful extrusions also involved prints in
which too much material was printed by not respecting the
dimension assigned to the G-code.
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Interpolation coefficients for the fit function of the different dimensions.

The figure also indicates the pressure required for printing
various levels of reinforcement within the hydrogel. At a given
printing speed, a minimum extrusion pressure is necessary to
enable the printing of the material. Typically, this minimum
pressure increases with the addition of larger amounts of
reinforcement. There was, however, limited flexibility to adjust
the printing parameters when the fibre weight fraction
exceeded 1.5%. It should be noted that no prints with a fibre
weight fraction exceeding 3.5% were successful.

The fusion and resolution of the printings were tested, and
the results are presented in Fig. 7. Fig. 7(a) demonstrates that
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Fig. 6 Successful and failed prints for the different fibre weight fractions
used to produce the hydrogel composites. The pressure was measured on
the printer's monitoring display. The schematics present the different
issues faced with inappropriate printing pressure. For too low pressure
the print is discontinuous. On the other hand, too high pressure leads to
over spread of the material and not precise geometry.
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Fig. 7 Filament fusion test results. (a) Geometric parameters for fusion of
the printed filament. The schematic on the top right present the different
parameters displayed. An exponential interpolation (f: x — a x e®*) is
provided on the graph. (b) Example of printed specimen for a fibre weight
fraction of 0%. (c) Example of printed specimen for a fibre weight fraction
of 1%. (d) Coefficients obtained for the exponential interpolation displayed
in (a).

the addition of flax fibres enables printing with a closer
distance between filaments without them fusing. One of the
reasons for this is the higher resolution achieved for the
printed filament when incorporating flax fibres during print-
ing. There is a statistically significant difference (Mann-Whit-
ney test: p = 0.0002) of 8% between the thickness of the
filament printed with and without flax fibres. Therefore, adding
flax fibre permits lowering the minimum pore size.

The improved resolution and stability of the printed fila-
ment, achieved through the addition of flax fibre, enabled the
production of the small annulus scaffold shown in Fig. 8. The
coefficient of variation obtained for the three dimensions
displayed in Fig. 8 are below 10% (6.8%, 5.3% and 7.6% for
r;, r. and h, respectively). This consistent repeatability in
dimensions demonstrates the material’s ability to produce
annulus-shaped structures reliably. The addition of flax fibres
allowed to reach heights of 6.55 + 0.49 mm, which are
clinically-relevant dimensions for annulus scaffolds.®* %

3.2.2 Tensile test. The alginate-poloxamer hydrogels with
different flax fibre weight fractions that were successfully

10 mm

. h

Fig. 8 Annulus scaffold test specimens. (a) Top view of a annulus scaffold.
(b) Side view of an annulus scaffold. (c) Statistical distribution of the
dimension of the annulus scaffold.
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Fig. 9 Influence of the flax fibres reinforcement on the mechanical

properties of the alginate-poloxamer hydrogel. (a) Ej: initial stiffness
[0; 10 000] pe (b) E; stiffness [50 000; 70 000] we (c) o strength (d) ¢ strain
at failure.

printed were compared by tensile testing. An example of
the curves obtained for a given fibre weight fraction is given
in Fig. S2 (ESIt), which was used to determine the two stiffness
E,, E, the strength ¢ and the strain at failure «.

Fig. 9 shows the influence of the flax fibre weight fractions
on the mechanical properties of the alginate-poloxamer hydro-
gel. Fig. 9(a) and (b) show that the hydrogel is stiffer with flax
fibre reinforcement. The KrusKal Wallis tests were run to show
that the two moduli, E; (p = 1.0) and E, (p = 1.0), are almost
identical for flax fibre weight fractions between 1.0% and 3.5%.
However, within this range, the standard deviation also
increased with higher fibre weight fraction, resulting in lower
repeatability of the mechanical properties of the composites. In
addition to the interdependence with the amount of flax fibre,
the stiffness of the composite is also dependent upon the
amount of poloxamer and alginate. Xu et al. have shown that
different classes of poloxamers (P188 and P407) in alginate
hydrogels cross-linked with calcium chloride lead to different
compressive stiffness and indentation resistance at constant
alginate content, although high concentrations of P407 hindered
the cross-linking and the compressive stiffness.®® Popescu et al.
show that the increase of the weight fraction of alginate in a
poloxamer hydrogel lowers the compression strength and stiff-
ness of the material.®® In all those references, the poloxamer’s
impact on the hydrogel’s stiffness was also described as depen-
dent on the amount of alginate used in the production. The
materials of this work showed stiffness levels similar to those
found in the majority of the available open literature (see Fig. 1).

Fig. 9(c) shows the influence of flax fibre weight fraction on
the strength of the alginate-poloxamer hydrogel. The composite
was at its strongest for a fibre weight fraction of 1%; this makes
this composition the most suitable for load-bearing applica-
tions. Fig. 9(d) displays the influence of reinforcement on the
strain at failure of the composite. In this case, the largest strain
at failure was for fibre weight fractions of 0.5% and 1.0%.
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Fig. 10 Post-processing of the images acquired via CT-scanning. Each
grade of blue presents one section considered for measuring the porosity.
(a) Specimen considered for CT-scanning. (b) Section 1, (c) Section 2, (d)
Section 3, (e) Section 4, (f) Section 5 visualisation of the porosity in the
different sections of the specimen presented in (a). The overall porosity
measured in the specimen is 6.9 £+ 1.1%.

A computed tomography (CT) scan performed on specimens
before tensile testing, revealed the presence of microscale voids
of varying shapes and sizes, as shown in Fig. 10. Not accounting
for pores smaller than 6 pm, the microscale porosity was
found to be 6.9 = 1.1%. Slightly higher porosity was observed
on the edges of the specimen than at the centre, with a
reasonably homogeneous internal geometry observed inside
the specimens.

Fig. 11 shows the influence of the flax fibre content on the
energy dissipated during the fracture of the composite. The
figure also presents an image of a cross-section of a failed
specimen to provide more insight into the fracture process
within the composite hydrogel.

The dark blue arrows in Fig. 11(b) show fibres being pulled
out of the hydrogel during failure. The fibre pullout is a source of
energy dissipation that partially explains the increase in energy
dissipated when the fibre weight fraction increases from 0% to
1%. The light blue arrows pointing downwards indicate the
presence of large voids broken during the tensile tests. The fibres
and the voids highlighted in Fig. 10 are sources of defects in
the hydrogel composite and lead to a deflection of the crack path.
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Fig. 11 (a) Influence of the amount of flax fibre on the area under the

curve (AUC) measured. (b) Optical microscope image of failed specimen
cross-section. Dark blue arrows pointing upwards show the fibres pull out
during fracture. Dash light blue arrows pointing downwards indicate large
voids on the surface of the specimen. Light blue arrows pointing down-
wards show the large voids split during fracture.

4028 | Soft Matter, 2024, 20, 4021-4034

View Article Online

Soft Matter

Fig. 12 Crack branching mechanism. A main crack propagates through
the material and branches when it encounters defects such as large voids
or fibres in the vicinity of its path. The light blue arrow pointing upwards
describes the main crack running through the specimen. The dark blue
arrows pointing downwards indicate a non-catastrophic crack (called
branch) from the main fracture crack. (a) Schematic. (b) Microscope Image.

The crack jumps from one large void or fibre to another, thus
creating discontinuities in the material. The full light blue arrows
in Fig. 11 present examples of the surfaces formed when the crack
jumps from one propagation plane to the other.” These crack
jumps provide insight into a potential crack branching mecha-
nism. Crack branching sites were indeed observed in the speci-
mens, as observed in Fig. 12. A schematic of the crack-splitting
mechanism is presented in Fig. 12(a). The sites of the crack
splitting provide evidence that several cracks propagate in parallel
before the failure crack propagates through the section of the
composite. For instance, Fig. 12(b) shows a crack that failed one of
the hydrogel composite samples. The dark blue arrows on the
same image indicate a crack (branch) that propagated in parallel
to the main crack. A larger fibre weight fraction increases the
chance of branches appearing, therefore leading to more material
failure and more energy dissipation. As shown in Fig. 9(d), the
strain at failure decreases for flax fibre weight fractions above 1%.
This leads to less material stretch during failure and, conse-
quently, less energy being dissipated during the deformation of
the material. This partly explains why the energy dissipated
decreases when the flax fibre weight fraction exceeds 1%.

The coefficients of variation of all the mechanical properties
measured are presented in 13. This variability is partly attrib-
uted to the manual gripping during the loading process of the
specimens, which are, reasonably fairly fragile and could have
deteriorated when positioned in the grips. The humidity and
temperature during the preparation of the hydrogel could also
affect the quality of the printed structure. The numerous tests
performed involved a test campaign lasting several weeks; the
variations in temperature and relative humidity during this
period led to the variability in the results. The average coeffi-
cient of variation observed on 51 data points from open
literature data (Fig. 1) is 34.3%. The variability observed for
the hydrogel composites of this work is within the same order
of magnitude compared to the one observed in the previous
studies described in the literature.

The annulus scaffold constructs printed and displayed in
Fig. 8 were loaded in compression; the stress-strain curves
obtained up to a 8 Newton load could be observed in Fig. S5
(ESIt). The modulus was 869 + 242 kPa. These values are
structural and not material properties. Therefore, it is compared

This journal is © The Royal Society of Chemistry 2024
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Table 2 Coefficient of variation of mechanical properties: E;: Young's
modulus [0; 10000] we, E,: Young's modulus [50000; 70000] pe, o:
strength, ¢: strain at fracture, AUC: area under the curve, FWF: fibre weight
fraction

FWF 0% 0.5% 1% 1.5% 2% 2.5%  3.5%
B 45.9% 18.8% 15.2% 13.1% 27.5% 24.3%  33.0%
E, 37.3% 17.3% 10.6% 19.6% 22.3% 15.6%  28.3%
o 39.3% 152% 15.0% 15.0% 21.7% 21.0%  28.2%
€ 22.8% 11.5% 14.2% 13.3% 13.3%  6.1%  5.9%
AUC  62.9% 22.4% 28.7% 28.4% 284% 21.5% 24.7%

Table 3 Mooney Rivlin coefficient for hydrogel with and without fibres

D1 C10 (Pa) Co1 (Pa)

—7.43 x 10* £+ 1.59 x 10* 1.22 x 10° £ 3.45 x 10*
—2.06 X 10° + 3.22 x 10* 2.88 x 10° + 3.38 x 10*

Without fibre 0
With fibre 0

in terms of magnitude with human tissues, exhibiting a stiffness
order of magnitude similar to that of skin, muscle and cartilage.*®*

3.2.3 Hyperelastic properties. The Mooney Rivlin coeffi-
cients for describing the tensile properties of the hydrogels
are presented in Table 3. For the hydrogel without fibres, the
coefficients of variation are 21.4% and 28.4% for the C10 and
C01 coefficients, respectively. For the fibre reinforced hydrogels
they are 15.6% and 11.7%, respectively. Sources of variability
similar to those described for Table 2 can be used to explain the
values in Table 3. The Moonley Rivlin model interpolates the
stresses inside the alginate-poloxamer hydrogels over the full
range of strain tested (see Fig. 9). The Young’s moduli presented
in Fig. S2 (ESIf) and in open literature only characterises the
mechanical behaviour of the hydrogel within a small strain
range. The hyperelastic models therefore cover a broader spec-
trum strain and could be used for modelling and design aspects.

3.3 Collapse test

Based on the results of the mechanical testing, only the hydrogel
with 1.0% fibre weight fraction of flax fibre was considered in the
rest of the study. To optimise 4D printing applications, handling
materials that can withstand large deformations and possess a
higher strain-to-failure capacity is crucial. A common collapse test
shown in Fig. 13 was used to observe the impact of the flax fibres
on the printing of the alginate-poloxamer hydrogel. Fig. 13(c) shows
the percentage of unbroken hydrogels for the different distances
evaluated. The hydrogel remained intact for distances of 4 mm,
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Fig. 13 Collapse test experiment. (a) Schematic of the test. (b) Photo of
the experiment with the distance between two support block. (c) Collapse
test, percentage of unbroken hydrogel for the different distances tested in
the collapse test.
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5 mm, and 6 mm, regardless of whether or not the hydrogel was
reinforced with flax fibres. However, the non-reinforced hydrogels
failed 30% and 70% of the time for distances of 8 mm and 10 mm,
respectively, which could be prevented by reinforcing the hydrogel
with flax fibres. Thus, the addition of flax fibres appears to
constitute an efficient way of improving the-self suspendable ability
of the hydrogel, particularly for designs containing unsupported
regions such as the one presented in Fig. 510(a) (ESIY).

3.4 Rheology

Fig. S7 in ESI,} shows the stress-strain curve obtained from the
rheology test, which was used to determine a shear stiffness is
represented by the modulus’® G* = 71.51 4+ 12.33 kPa. The
range of validity of this value is between 0 and 1000 ue.
Fig. 14(a) presents the evolution of the viscosity of the hydrogel
by varying the strain rate.

Fig. 14(a) shows that the flax fibres increase the viscosity of
the hydrogel within the range of strain rates here considered.
Fig. 14(b) presents the general shape of the viscosity versus the
strain rate for the alginate-poloxamer hydrogel reinforced with
1.0% fibre weight fraction of flax fibres, compared to an
unreinforced hydrogel. The curve is made of a plateau followed
by a softening part for higher strain rates. An analysis of the
existing literature related to rheometry and viscosity of 3D
printed alginate hydrogels is shown in Table 4. Two types of
uncertainty related to the effect of viscosity in hydrogels for
bioprinting can be encountered in the open literature. First, the
printing path used to produce the specimen is often not
reported and often only one specimen is used and evaluated.
The only common interval of strain rate values in the literature
shear viscosity tests was between 1 s~ ' and 5 s ". Thus these
values were used to assess the stiffening coefficient provided by
the flax fibre reinforcements. The addition of flax fibre
increased the viscosity of the 3D printed alginate-based hydro-
gel by 19.5% and 129.2% at strain rates of 1 s ' and 5 s/,
respectively. These stiffening coefficients (SC) are presented in
Table 4.

Nanocellulose fibres have shown their potential in stiffening
hydrogels by adding up to 10°% per weight percentage addi-
tion. Cellulose have also shown softening potential for certain
types of hydrogels and fibres. The flax fibres are mostly made of
cellulose and hence, similar chemical interactions are present
with the hydrogel.®' The main difference with the cellulose
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Fig. 14 Viscosity with and without the flax fibres. (a) Strain rate versus
complex viscosity for fibre and without the fibres. (b) Schematic of the
viscosity shape.
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Table 4 Stiffening coefficient (SC) found in literature. Values adjusted to
the weight percentage of reinforcement

Paper Reinforcement SC at 10° (%/%) SC at 5 x 10° (%/%)
This study Flax 19.5 129.2

71 Simvastatin 19.2 22.1

72 Tri calcium sillicate [—7.5; 85.7] [—7.6; 57.9]

73 LAPONITE® [135.6; 138.9]  [161.8; 162.1]

74 Nanoclay [7.7; 205.9] [9.2; 139.1]

75 LAPONITE® [632.14; 16650] [232.14; 3852.38]
12 Curcumin 0.0 0.0

76 Carrageenan [23.33; 74.07] [122.22; 151.85]
77 Cellulose nanofibres [318.18; 1254.55] [318.18; 1254.55]
78 Cellulose nanofibres —2.53 —2.89

79 Cellulose nanofibres [-23.33; 37.5]  [—10.71; 46.43]
80 Cellulose nanofibres [24.64; 600] [17.19; 3585.86]

used in other works is the scale of the fibre dimensions; those
studies use nanofibers while the flax fibres used here are in the
range of micrometres. Another class of reinforcement materials
are particles such as algae, nanoclay and LAPONITE®. A similar
range of stiffness change can be also achieved by using these
particles, up to 10°%. The flax fibres appear to stiffen the
material in shear with the same order of magnitude of other
materials used to reinforce hydrogels, except for the case of the
nanocellulose and LAPONITE® reinforcements.

3.5 4D printing

The density measured for the hydrogel with and without
reinforcement is presented in Table 5.

An effective density of the hydrogel equal to 1.64 g cm ™ at
6 um (the resolution of the CT scanner) was determined via the
porosity measured through CT scanning. Table 5 shows that the
density of the reinforced and non-reinforced wet hydrogel were
measured identical. This is unsurprising, given the density of the
flax fibres (1.53 g cm™>"") and the alginate-poloxamer hydrogel
(1.64 g cm ) are similar. However, the dry flax fibre-reinforced
hydrogel were slightly less dense than the non-reinforced hydro-
gels, as the weight is similar in both specimens and the volume
is larger for the reinforced specimens.

The values for the coefficient of moisture expansion (CME) in
the different directions of printing were obtained via measure-
ment of the mass and volume difference between dry and wet
hydrogel. These values are presented in Table 6. The Mann-
Whitney showed that no statistical difference was observed
between the CME along the width and the thickness directions.
For the two fibre weight fractions (1% and 0%) the CME are
described as statistically identical (p = 0.095) and (p = 0.15),
respectively. Consequently, the average of the width and the
thickness direction is representative of the transverse direction
expansion of the material. This transverse expansion is
described in Table 6. The length CME are statistically different

Table 5 Density (g cm™). (FWF: fibre weight fraction)

Wet Dry
FWF 0% 1.28 £ 0.04 1.53 £ 0.04
FWF 1% 1.28 £ 0.04 1.21 £ 0.06
4030 | Soft Matter, 2024, 20, 4021-4034
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between fibre reinforced and not reinforced hydrogel p = 0.008.
On the other hand, transverse CME are statistically identical
between the two types of hydrogel tested p = 1.0. Consequently,
the 4D printing actuation capability is improved by addition of
flax fibre via the change in CME in the length direction.

The orientation of the flax fibres in the alginate-poloxamer
hydrogels was investigated with scanning electron miscroscopy
(SEM). A tensile specimen was used for this test as shown in
Fig. 15(a). Samples were cut along the width and thickness
directions as shown in Fig. 15(b) and (c), then imaged in the
cutting plane using scanning electron microscopy, shown in
Fig. 15(d) and (e). These micrographs were used to define the
orientation of the fibre using two angles (¢ and ¢) introduced in
Fig. 15(d) and (e). The distributions of the orientation of the
fibres observed in the hydrogels are presented in Fig. 15(f) and
(2)- The measured distributions were both Gaussian-like and
centred on 0° due to the symmetric assumption. The standard
deviation for the ¢ and the ¢ angles are 12.8 and 11.9,
respectively.

As shown with the SEM investigation, the flax fibres are
statistically orientated to the printing direction. Therefore, flax
fibres limit the contraction of the hydrogel along the printing
direction. Hence, as shown with the density presented in 5, the
volume of the dry material is larger with the fibres compared to
the case without the reinforcements. Table 6 shows the
potential for the in-plane deformation of the hydrogel system.
The 4D printing potential of a material comes from its ability to
expand in different ways along the length and the transverse
directions. Without fibre reinforcements, there is a 1.86: 1 ratio
between the transverse and the longitudinal coefficient of
moisture expansions. The 4D printing capability of the material
is significant due to the statistically different CME in the length
and transverse direction (Mann-Whitney test: p = 0.008). With
fibre reinforcement, this ratio increases to 4.67:1. The 4D
printing capability of the material is still significant with fibre
due to the statistically different CME in the length and trans-
verse direction (Mann-Whitney test: p = 0.008). Hence, the
presence of the flax fibres appears to modify the 4D printing
potential of the alginate-poloxamer hydrogel.

The difference of CME affects the actuation capability of the
material. The difference in stiffness observed in Fig. 9 also
impact the ability of the material to actuate.®” Fig. 16 presents
the influence of flax fibre in actuation. The addition of fibres
induces a 25.8% lower curvature for a [0° 90°] stacking
sequence. Mann-Whitney test shows a significant statistical
difference between the specimens with and without fibres (p =
0.0281). The addition of flax fibre stabilises the deformation
obtained as the coefficient of variation goes from 32% to 18%
when adding the fibres to the hydrogel. Therefore, it is possible
to control the mechanical and actuation response to the
hydrogel by adding fibres. For instance, Goyal et al. produced
an alginate-based hydrogel less stiff but more actuation-
capable alginate based hydrogel.*® For non-alginate-based
hydrogel Zheng et al. have described the possibility of using
them as grip.** Hence, depending on the material to be lifted,
the stiffness and actuation capability must be adapted, by

This journal is © The Royal Society of Chemistry 2024
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Table 6 Coefficient of moisture expansion for the reinforced and not reinforced hydrogel. (FWF: fibre weight fraction)

Thickness (f,) Transverse (f,)

Length (f) Width (8,)
FWF 0% 3.22 x 1071 + 1.75 x 1072 6.26 X 107" 4+ 1.31 x 1072
FWF 1% 1.29 X 107 4+ 3.73 x 10™> 5.74 X 107" 4 2.49 x 10>

Gaussian Fit
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Fig. 15 Fibre orientation measurement. (a) Specimen used and cut made
in it. (b) and (c) Schematics of the cut made on the specimen. (d) and (e)
Example of SEM images perpendicular to the cuts made on the specimen.
Fibre orientation. (f) Schematic showing the angles ¢ and ¢ relative to the
printing direction (g) distribution of fibre orientation along ¢ angle (c)
distribution of fibre orientation along ¢ angle.

changing the amount of reinforcement, the stacking sequence
printed.*®%*

Kirilova et al. have shown the possibility of creating tubes
from flat 4D printed alginate-based hydrogel.*® Further explora-
tion of the 4D printing design space is necessary to produce
tubes as displayed in Fig. 8 with 4D printed technique. One
potential exploration axis is to get inspired by existing geome-
tries in nature.*>®* Fig. 17 presents two examples of the 4D
printing using room humidity actuation. Rosette structures
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a

Fig. 16 4D printing actuation of [0°; 90°] specimens. (a) and (b) Wet and
dry specimen for 1% FWF, respectively. (c) and (d) Wet and dry specimen
for 0% FWF, respectively. () Comparison of actuation for 1% and 0% FWF.
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5.99 x 107" 4+ 2.71 x 10™2
6.03 X 107" 4+ 2.04 x 107>

5.73 X 107 4+ 5.31 x 10™2
6.31 X 107 + 5.68 x 107>

(inspired like Goyal et al. by flowers®®) were printed using
alginate-poloxamer hydrogel reinforced with 1% flax fibre
weight fraction. Upon drying the specimen went from flat to
8 mm high on its highest point. This test shows the 4D printing
actuation potential of this material for smart material
applications.

4 Conclusion

This work provides insight into the production and perfor-
mance of a new composite biomaterial made from flax fibres
reinforcing an alginate-poloxamer hydrogel. This material is
intended for potential structural and 4D printing applications
using biobased components. The work provides information
and data to model such material via characterisation of the
internal microstructure. Then single fibre tests showed that
alginate-poloxamer hydrogel conditioning decreased the stiff-
ness of the flax fibres by 50.1%. After milling the flax fibres
used to reinforce the hydrogel, their dimensions were mea-
sured. After adding the fibres to the alginate-poloxamer hydro-
gel, optimised printing configurations for the hydrogel were
identified. Collapse tests showed the ability of flax fibres to
improve the self-suspendable capability of the hydrogel. The
fusion filament tests also showed improved resolution via the
addition of flax fibres, but also the potential to print smaller
pores. Mechanical tensile tests showed that a 1% flax fibre
weight fraction provided the optimal values of strength, strain
at failure, and energy dissipated during fracture. The stiffness
of the 1% flax fibre weight fraction was shown to be statistically
identical to composites with larger weight fibre fractions, but
statistically more repeatable. The fracture analysis of the com-
posite highlighted the benefit of adding flax fibres to improve
the toughness of the material. The 1% fibre weight fraction of
reinforcement was used in the remainder of the study. Para-
meters to model the material were identified from tests and

Fig. 17 Rosette actuation with 1% flax fibre reinforced alginate-
poloxamer hydrogel. (a) Wet specimens in cross-linking material after
24 h (b) dry specimens at room humidity. The blue arrows presents the
highest point of the specimen after the actuation. A video in ESI,} shows
the full actuation of the structure.
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compared against open literature. The hydrogel mechanical
properties were described with the two parameters Mooney-
Rivlin models (C10 = 394.1 Pa; C01 = 207.4 Pa). The embedding
of flax fibres improved the ability of the alginate-poloxamer
hydrogel to be printed without support over long distances.
Rheology tests showed that the flax fibres provided significant
increases in terms of viscosity compared to the baseline hydro-
gel, with shear stiffness augmented to 39% and 129% at the
strain rates comparison points of, 1 rad s™' and 5 rad s *,
respectively. The dispersion of the flax fibres also allows to
control 4D printing actuation of the composite hydrogel,
as it changes the difference in the coefficient of moisture
expansion between the axial 1.29 x 10~ " and transverse
6.03 x 10! directions. Adding the flax fibres lowered the
actuation curvature 25% but improved the repeatability of
the actuation obtained. The coefficient of variation for the
final curvature measured was reduced by 43% after adding
the fibres. The comparison between rheology and tensile
properties of other hydrogel systems in open literature clearly
shows the potential of flax fibres to be used as structural
reinforcement in these hydrogel materials and attractive
4D printing actuation capabilities under different humidity
conditions.

Author contributions

Charles de Kergariou: funding acquisition, investigation; meth-
odology; data curation; writing — original draft; conceptualisa-
tion; formal analysis, supervision, project administration,
resources; Graham J. Day: resources; Adam Perriman: super-
vision; James Armstrong: supervision; writing - review & edit-
ing; Fabrizio Scarpa: supervision, methodology, writing -
review editing, conceptualisation, funding acquisition, project
administration, resources.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

CdK, FS and AWP would like to thank the UK Defence Science
and Technology Laboratory for funding received for this project
through the UK-France PhD Scheme (Grant ID: DSTLX-
1000141168). CdK, FS and AWP would also like to acknowledge
the support of the ERC-2020-AdG 101020715 NEUROMETA
project. JPKA acknowledges funding from a UKRI Future Lea-
ders Fellowship (MR/V024965/1). Ecotechnilin is also thanked
for providing the flax fibres used in this work. The corres-
ponding author would also like to thank Ms Francisca Marau
dos Reis for her help with the collapse test. Finally, the
corresponding author, CdK, would like to thank the EPSRC
Doctoral Prize Fellowship for supporting the completion of this
work (ID Grant: EP/W524414/1).

4032 | Soft Matter, 2024, 20, 4021-4034

View Article Online

Soft Matter

Notes and references

1 S. F. Saravanou, K. Ioannidis, A. Dimopoulos, A. Paxinou,
F. Kounelaki, S. M. Varsami, C. Tsitsilianis, I. Papantoniou
and G. Pasparakis, Carbohydr. Polym., 2023, 312, 120790.

2 A. Krakos, A. Cieslak, E. Hartel, M. B. Abowska, J. Kulbacka
and J. Detyna, Mikrochim. Acta, 2023, 190, 349.

3 M. Shahriari-Khalaji, M. Sattar, R. Cao and M. Zhu, Bioact.
Mater., 2023, 29, 177-195.

4 X. Hu, Z. Zhang, H. Wu, S. Yang, W. Zhao, L. Che, Y. Wang,
J. Cao, K. Li and Z. Qian, Biomater. Adv., 2023, 152, 213501.

5 T. C. Ho, C. C. Chang, H. P. Chan, T. W. Chung, C. W. Shu,
K. P. Chuang, T. H. Duh, M. H. Yang and Y. C. Tyan, MoL,
2022, 27, 2902-2931.

6 D. Patrocinio, V. Galvan-Chacon, J. C. Gomez-Blanco,
S. P. Miguel, J. Loureiro, M. P. Ribeiro, P. Coutinho,
J. B. Pagador and F. M. Sanchez-Margallo, Gels, 2023, 9, 890.

7 K. Postolovi¢, B. Ljuji¢, M. M. Kovacevi¢, S. Dordvic,
S. Nikoli¢, S. Zivanovi¢ and Z. Stani¢, Mater. Today Com-
mun., 2022, 31, 103528.

8 J. P. Armstrong, M. Burke, B. M. Carter, S. A. Davis and
A. W. Perriman, Adv. Healthcare Mater., 2016, 5, 1724-1730.

9 Y. Zheng, K. Shariati, M. Ghovvati, S. Vo, N. Origer,
T. Imahori, N. Kaneko and N. Annabi, Biomater., 2023,
301, 122240.

10 M. O. Teixeira, J. C. Antunes and H. P. Felgueiras, Antibio-
tics, 2021, 10, 1-34.

11 A. Fontana-Escartin, S. Lanzalaco, O. Bertran, D. Aradilla
and C. Aleman, Colloids Surf., A, 2023, 671, 131632.

12 J. P. F. Carvalho, M. C. Teixeira, N. S. Lameirinhas,
F. S. Matos, ]J. L. Luis, L. Pires, H. Oliveira, M. Oliveira,
A. J. D. Silvestre, C. Vilela and C. S. R. Freire, ACS Appl.
Mater. Interfaces, 2023, 15, 40912.

13 B. Colak, C. Cihan and Y. N. Ertas, ACS Appl. Nano Mater.,
2023, 6, 16076-16085.

14 S. A. Michel, R. R. Vogels, N. D. Bouvy, M. L. Knetsch,
N. M. Van Den Akker, M. J. Gijbels, C. Van Der Marel,
J. Vermeersch, D. G. Molin and L. H. Koole, J. Biomed. Mater.
Res., Part B: Appl. Biomater., 2014, 102, 477-487.

15 F. Ahmad, F. Azam, F. A. Butt, A. Rasheed, Y. Nawab and
S. Ahmad, Adv. Mater. Sci. Eng., 2023, 1-12.

16 E. Bari, G. M. Di Gravina, F. Scocozza, S. Perteghella,
B. Frongia, S. Tengattini, L. Segale, M. L. Torre and
M. Conti, Pharmaceutics, 2023, 15, 383.

17 A. K. Singh and K. Pramanik, J. Appl. Polym. Sci., 2023, 140,
1-18.

18 J. Zhang, Y. Wang, Q. Wei, Y. Wang, M. Li, D. Li and
L. Zhang, Int. J. Biol. Macromol., 2022, 219, 1216-1226.

19 R. Olmos-Juste, S. Olza, N. Gabilondo and A. Eceiza, Macro-
mol. Biosci., 2022, 22, 2200124.

20 P. Ren, D. Wei, M. Liang, L. Xu, T. Zhang and Q. Zhang, Int.
J. Biol. Macromol., 2022, 212, 67-84.

21 T. Zhang, H. Xu, Y. Zhang, S. Zhang, X. Yang, Y. Wei,
D. Huang and X. Lian, Mater. Des., 2022, 218, 110711.

22 J. Yin, Z. Liang Wu, J. Qian, G. Guo, Y. Wu, C. Du and
Q. Zheng, J. Mater. Chem. B, 2022, 10, 2126.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00135d

Open Access Article. Published on 02 May 2024. Downloaded on 3/17/2026 1:07:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

23

24

25

26

27

28

29

30

31

32

33

34
35

36

37

38

39

40

41
42

43

44

45

Q. Wei, R. Yang, D. Sun, J. Zhou, M. Li, Y. Zhang and
Y. Wang, J. Mater. Res. Technol., 2022, 17, 66-78.

W. Sun, J. W. Tashman, D. J. Shiwarski, A. W. Feinberg and
V. A. Webster-Wood, ACS Biomater. Sci. Eng., 2022, 8,
303-313.

C. Du, J. Hu, X. Wu, H. Shi, H. Chao Yu, J. Qian, J. Yin,
C. Gao, Z. Liang Wu and Q. Zheng, J. Mater. Chem. B, 2022,
10, 468.

S. S. Gharaie, A. Seyfoori, B. K. Jush, X. Zhou, E. Pagan,
B. Godau, M. Akbari, J. Li and D. Jia, Gels, 2021, 7, 1-23.
P. Iranmanesh, M. Gowdini, A. Khademi, M. Dehghani,
M. Latifi, N. Alsaadi, M. Hemati, R. Mohammadi, S. Saber-
Samandari, D. Toghraie and A. Khan, J. Mater. Res. Technol.,
2021, 14, 2853-2864.

H. Y. Shen, Z. H. Liu, J. S. Hong, M. S. Wu, S. J. Shiue and
H. Y. Lin, J. Controlled Release, 2021, 331, 154-163.

W. Wu, Micro Nano Lett., 2020, 15, 925-929.

A. A. Kazemzadeh Farizhandi, S. Z. Khalajabadi,
V. Krishnadoss and 1. Noshadi, /. Mech. Behav. Biomed.,
2020, 110, 103960.

L. Huang, X. Du, S. Fan, G. Yang, H. Shao, D. Li, C. Cao,
Y. Zhu, M. Zhu and Y. Zhang, Carbohydr. Polym., 2019, 221,
146-156.

X. Li, H. Wang, D. Li, S. Long, G. Zhang and Z. Wu, ACS
Appl. Mater. Interfaces, 2018, 10, 31198-31207.

K. Christensen, B. Davis, Y. Jin and Y. Huang, Mater. Sci.
Eng., C, 2018, 89, 65-74.

S. Sultan and A. P. Mathew, Nanoscale, 2018, 10, 4421-4431.
W. Kim, H. Lee, Y. Kim, C. H. Choi, D. Lee, H. Hwang and
G. Kim, Biomed. Mater., 2016, 11, 055002.

B. Duan, L. A. Hockaday, K. H. Kang and J. T. Butcher,
J. Biomed. Mater. Res., 2013, 101 A, 1255-1264.

Z. Guo, C. Ma, W. Xie, A. Tang and W. Liu, Carbohydr.
Polym., 2023, 315, 121006.

L. L. Tundisi, R. Yang, L. P. P. Borelli, T. Alves, M. Mehta,
M. V. Chaud, P. G. Mazzola and D. S. Kohane, Pharm. Res.,
2021, 38, 515-522.

J. Kurowiak, A. Kaczmarek-Pawelska, A. Mackiewicz,
K. Baldy-Chudzik, J. Mazurek-Popczyk, U. Zareba,
T. Klekiel and R. Bedzinski, Int. J. Mol. Sci., 2022, 23, 10324.
C. Kaliampakou, N. Lagopati and C. A. Charitidis, Appl. Sci.,
2023, 13, 8261.

W. Wang, Y. Liu and Z. Xie, Polymers, 2023, 15, 3172.

W. R. Illeperuma, J. Y. Sun, Z. Suo and ]J. J. Vlassak, Soft
Matter, 2013, 9, 8504-8511.

D. Podstawczyk, M. Niziol, P. Szymczyk-Zidtkowska,
M. Fiedot-Tobola, D. Podstawczyk, M. Niziol, P. Szymczyk-
Ziotkowska and M. Fiedot-Tobota, Adv. Funct. Mater., 2021,
31, 2009664.

S. Choi, K. Y. Lee, S. L. Kim, L. A. MacQueen, H. Chang,
J. F. Zimmerman, Q. Jin, M. M. Peters, H. A. M. Ardoia,
X. Liu, A.-C. Heiler, R. Gabardi, C. Richardson, W. T. Pu,
A. R. Bausch and K. K. Parker, Nat. Mater., 2023, 22,
1039-1046.

A. B. Baker, S. R. Bates, T. M. Llewellyn-Jones, L. P. Valori,
M. P. Dicker and R. S. Trask, Mater. Des., 2019, 163, 107544.

This journal is © The Royal Society of Chemistry 2024

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
61

62

63

64

65

66

67

68

69
70

View Article Online

Paper

S. E. Bakarich, R. Gorkin, M. I. H. Panhuis and G. M. Spinks,
Macromol. Rapid Commun., 2015, 36, 1211-1217.

S. Pruksawan, Z. Lin, Y. L. Lee, H. L. Chee and F. K. Wang,
ACS Appl. Mater. Interfaces, 2023, 15, 46388-46399.

C. de Kergariou, A. Le Duigou, A. Perriman and F. Scarpa,
Mater. Des., 2023, 225, 111472.

C. de Kergariou, B. C. Kim, A. Perriman, A. Le Duigou,
S. Guessasma and F. Scarpa, Addit. Manuf., 2022,
59, 103144.

A. Kandemir, T. R. Pozegic, I. Hamerton, S. J. Eichhorn and
M. L. Longana, Materials, 2020, 13, 2129.

C. Kergariou, A. L. Duigou, V. Popineau, V. Gager,
A. Kervoelen, A. Perriman, H. Saidani-Scott, G. Allegri,
T. H. Panzera and F. Scarpa, Composites, Part A, 2021,
141, 106183.

X. Ma, K. Qu, X. Zhao, Y. Wang, X. Zhang, X. Zhang,
X. Zhou, ]J. Ding, X. Wang, L. Ma, Z. Xue, Y. Niu, W. Xu,
N. Wu and ]. Hao, Int. J. Biol. Macromol., 2023, 253, 127450.
T. A. Mappa, C. M. Liu, C. C. Tseng, M. Ruslin, J. H. Cheng,
W. C. Lan, B. H. Huang, Y. C. Cho, C. C. Hsieh, H. H. Kuo,
C. H. Tsou and Y. K. Shen, Polymers, 2023, 15, 3223.

E. Madadian, S. Badr, D. S. MacDonald, R. A. Tasker and
A. Ahmadi, Bioprinting, 2023, 32, e00281.

A. Ribeiro, M. M. Blokzijl, R. Levato, C. W. Visser,
M. Castilho, W. E. Hennink, T. Vermonden and J. Malda,
Biofabrication, 2017, 10, 014102.

Rheology as a Suitable Tool for Quality Control of Collagen
Hydrogels — TA Instruments.

F. Cuomo, M. Cofelice and F. Lopez, Polymers, 2019, 11,
1-11.

B. Stubbe, A. Mignon, H. Declercq, S. Van Vlierberghe and
P. Dubruel, Macromol. Biosci., 2019, 19, 1900123.

J. M. Zuidema, C. J. Rivet, R. J. Gilbert and F. A. Morrison,
J. Biomed. Mater. Res., Part B, 2013, 102, 1063-1073.

H. L. Cox, Br. J. Appl. Phys., 1951, 3, 72-79.

H. Krenchel, PhD thesis, Technical University of Denmark,
1964.

A. A. Adib, A. Sheikhi, M. Shahhosseini, A. S. Simeunovic,
S. Wu, C. E. Castro, R. Zhao, A. Khademhosseini and
D. ]J. Hoelzle, 2020.

J. Krejza, M. Arkuszewski, S. E. Kasner, ]J. Weigele,
A. Ustymowicz, R. W. Hurst, B. L. Cucchiara and
S. R. Messe, Stroke, 2006, 37, 1103-1105.

M. P. Wiedeman, Circ. Res., 1963, 12, 375-378.

N. Xu, J. Xu, X. Zheng and J. Hui, ChemistryOpen, 2020, 9,
451-458.

I. Popescu, M. Turtoi, D. M. Suflet, M. V. Dinu, R. N. Darie-
Nita, M. Anghelache, M. Calin and M. Constantin, Int.
J. Biol. Macromol., 2021, 180, 418-431.

C. de Kergariou, H. Saidani-Scott, A. Perriman, F. Scarpa
and A. Le Duigou, Composites, Part A, 2022, 155, 1-12.

J. T. Ilivarinen, R. K. Korhonen, P. Julkunen and
J. S. Jurvelin, Med. Eng. Phys., 2011, 33, 1245-1253.

P. A. Janmey and R. T. Miller, J. Cell Sci., 2011, 124, 9.

H. Ramli, N. F. A. Zainal, M. Hess and C. H. Chan, Chem.
Teach. Int., 2022, 4, 307-326.

Soft Matter, 2024, 20, 4021-4034 | 4033


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00135d

Open Access Article. Published on 02 May 2024. Downloaded on 3/17/2026 1:07:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

71 R. Zanetti Bau, J. L. Davila, D. Komatsu, M. Akira d’Avila,
R. C. Gomes and E. A. D. R. Duek, J. Drug Delivery Sci.
Technol., 2023, 88, 104888.

72 N. Beheshtizadeh, A. Farzin, S. Rezvantalab, Z. Pazhouhnia,
N. Lotfibakhshaiesh, J. Ai, A. Noori and M. Azami, Int.
J. Biol. Macromol., 2023, 229, 636-653.

73 A. Responsavel, K. F. Santos, ]J. Luis Davila, M. Akira D’avila,
A. Cecilia, D. Rodas, J. V. Lopes Da Silva, J. Kelmy and
M. B. Daguano, Matéria, 2022, 27, 1-13.

74 R. L. Alexa, H. Iovu, B. Trica, C. Zaharia, A. Serafim,
E. Alexandrescu, I. C. Radu, G. Vlasceanu, S. Preda,
C. M. Ninciuleanu and R. Ianchis, Nanomaterials, 2021,
11, 703.

75 J. L. Davila and M. A. dAvila, Int. J.- Adv. Manuf. Technol.,
2019, 101, 675-686.

76 M. H. Kim, Y. W. Lee, W. K. Jung, J. Oh and S. Y. Nam,
J. Mech. Behav. Biomed. Mater., 2019, 98, 187-194.

4034 | Soft Matter, 2024, 20, 4021-4034

View Article Online

Soft Matter

77 C. Han, X. Wang, Z. Ni, Y. Ni, W. Huan, Y. Lv and S. Bai,
BioResources, 2020, 15, 7357-7373.

78 R. E. Abouzeid, R. Khiari, D. Beneventi and A. Dufresne,
Biomacromolecules, 2018, 19, 4442-4452.

79 M. Monfared, D. Mawad, J. Rnjak-Kovacina and M. H. Stenzel,
J. Mater. Chem. B, 2021, 9, 6163-6175.

80 S. Tuladhar, S. Clark and A. Habib, Materials, 2023, 16, 572.

81 A. Bourmaud, J. Beaugrand, D. U. Shah, V. Placet and
C. Baley, Prog. Mater. Sci., 2018, 97, 347-408.

82 C. de Kergariou, F. Demoly, A. Perriman, A. Le Duigou and
F. Scarpa, Adv. Funct. Mater., 2023, 33, 2210353.

83 R. Goyal, S. Sahu, S. Mitra, R. Niranjan, R. Priyadarshini, R. Yadav
and B. Lochab, ACS Appl. Polym. Mater., 2024, 6, 1348-1361.

84 S.Y. Zheng, Y. Shen, F. Zhu, J. Yin, J. Qian, J. Fu, Z. L. Wu
and Q. Zheng, Adv. Funct. Mater., 2018, 28, 1803366.

85 A. Kirillova, R. Maxson, G. Stoychev, C. T. Gomillion and
L. Tonov, Adv. Mater., 2017, 29, 1703443.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00135d



